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The accelerating increase in information traffic demands the expansion of optical 
access network systems that require high-performance optical and photonic components. 
In short-range communication links, optical interconnects have been widely accepted as a 
viable approach to solve the problems that copper based electrical interconnects have 
encountered in keeping up with the surge in the data rate demand over the last decades.  
Low cost, ease of fabrication, and integration capabilities of low optical-loss polymers 
make them attractive for integrated photonic applications to support futuristic data 
communication networks. In addition to passive wave-guiding components, electro-optic 
(EO) polymers consisting of a polymeric matrix doped with organic nonlinear 
chromophores have enabled wide-RF-bandwidth and low-power active photonic devices. 
Beside board level passive and active optical components, on-chip micro- or nano-
photonic devices have been made possible by the hybrid integration of EO polymers onto 
the silicon platform.  
In recent years, silicon photonics have attracted a significant amount of attentions, 
because it offers compact device size and the potential of complementary metal–oxide–
semiconductor (CMOS) compatible photonic integrated circuits. The combination of 
vii 
 
silicon photonics and EO polymers can enable miniaturized and high-performance hybrid 
integrated photonic devices, such as electro-optic modulators, optical interconnects, and 
microwave photonic sensors. Silicon photonic crystal waveguides (PCWs) exhibit slow-
light effects which are beneficial for device miniaturization. Especially, EO polymer 
filled silicon slotted PCWs further reduce the device size and enhance the device 
performance by combining the best of these two systems. The potential applications of 
these silicon-polymer hybrid integrated devices include not only optical interconnects, 
but also optical sensing and microwave photonics. 
In this dissertation, the design, fabrication, and characterization of several types of 
silicon-polymer hybrid photonic devices will be presented, including EO polymer filled 
silicon PCW modulators for on-chip optical interconnects, antenna-coupled optical 
modulators for electromagnetic wave detections, and low-loss strip-to-slot PCW mode 
converters. In addition, some polymer-based devices and silicon-based photonic devices 
will also be presented, such as traveling wave electro-optic polymer modulators based on 
domain-inversion directional couplers, and silicon thermo-optic switches based on 
coupled photonic crystal microcavities. Furthermore, some microwave (or RF) 
components such as integrated broadband bowtie antennas for microwave photonic 
applications will be covered. Some on-going work or suggested future work will also be 
introduced, including in-device pyroelectric poling for EO polymer filled silicon slot 
PCWs, millimeter- or Terahertz-wave sensors based on EO polymer filled plasmonic slot 
waveguide, low-loss silicon-polymer hybrid slot photonic crystal waveguides fabricated 
by CMOS foundry, logic devices based on EO polymer microring resonators, and so on.  
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Chapter 1:  Introduction and Research Goals  
 
1.1 NANOPHOTONICS FOR FUTURE HIGH PERFORMANCE DEVICES AND SYSTEM 
 
With the extension of technology roadmap for semiconductors, the development 
of next generations of high performance silicon devices and systems is facing quite a few 
critical challenges. Among them, the performance of interconnects are starting to play 
more and more indispensable roles. With vastly greater amounts of information 
communicated at shorter distances in board-level and chip-level, copper-based electrical 
interconnects become a major bottleneck preventing further improvements due to ringing, 
crosstalk, increased signal latency, frequency dependent attenuation, and so on. To 
address these interconnect challenges, various technologies are proposed as potential 
solutions. Among them, optical interconnects and nanophotonics devices have been 
demonstrated with unique potentials for constructing high speed and low power on-chip 
communication links [1, 2]. 
In addition to long-haul communications which have led to dramatic increases in 
information traffic in the past decades, optical technology has slowly made its way into 
board-level and chip-level interconnects, as shown in Fig. 1.1 [3]. Optical interconnects 
have several benefits such as high bandwidth, negligible frequency dependent loss, low 
interchannel crosstalk and reduced electromagnetic interference. Optical interconnects 
are perfect for use at high data speeds, as an optical channel has much lower loss and 
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lower dispersion than electrical channels composed of copper traces on a PCB or 
electrical wires and connectors. As recent advances in nanophononics fabrication makes 
individual devices smaller in footprint and better in performance, optical interconnect is 
expected to qualify as a feasible interconnect solution. Recently, nanophotonics has been 
employed in the research and development of on-chip networks and architectures [4] to 
generate dynamic data traffic routing with high-throughput Time Division Multiplexing 
and Wavelength Division Multiplexing on-chip nano-photonic links. These works show 
promising potential for nanophotonics to address inter-core and memory bandwidth 
limitations. Such nanophotonic devices and optical interconnect systems directly meet the 
performance requirements of current and future generation of data processors, so they 
become the key for the development of new applications in data center, high performance 
computing, cloud systems and big data, etc. 
 
 
Figure 1.1:  Long haul and metro markets are dominated by fiber at present. Although 
chip-to-chip links still remain electrical for now, this could be replaced by 
optical links in the foreseeable future. This figure is from Ref. [3]. 
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Silicon photonics technology has enabled highly integrated optical devices for a 
variety of important applications from telecommunications to interconnects [5]. Various 
ultra-small silicon waveguide devices, such as lasers, modulators, switches, 
photodetectors, routers, filters, and grating couplers are quite attractive because these 
devices can be integrated to functional devices toward the evolution of photonic 
networks. Large-scale photonic integration is essential for the next generation energy-
efficient IT and network equipment capable of handling the large amount of data required 
by our evolving society. For practical applications of photonic integrated devices, low 
voltage and compact size are critical because they determine the energy consumption of 
the photonic devices and their integration density. However, silicon active devices based 
on plasma-dispersion effects have weak modulation/switching efficiency. This problem 
can be solved by integrating organic electro-optic (EO) polymers into silicon photonic 
structures, because EO polymer has very large EO coefficient and thus promises high 
modulation/switching efficiency. And also, the low cost, ease of fabrication, and 
integration capabilities of low optical-loss polymers make them attractive. The 
integration of silicon photonics and high-performance polymers combines the best of 
these two worlds, paving the way for next generation energy-efficient compact optical 
interconnect devices. In addition to optical interconnects, these silicon-polymer hybrid 
nanophotonic devices can be also used for other application areas, such as optical sensing 
[6] and photonic electromagnetic field detection [7]. 
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In this dissertation, we will talk about several types of silicon and polymer based 
hybrid integrated nanophotonic devices. By integrating silicon photonics and EO 
polymers, we combine both of their benefits to develop some high-performance 
nanophotonic devices. One important application of these devices are on-chip optical 
interconnects, including wave guiding, electro-optic modulation, and thermo-optic 
switching. Another main application of these silicon-polymer hybrid integrated devices is 
microwave photonics, such as photonic electromagnetic wave detection. Although there 
are various other applications for these nanophotonic devices, we will focus on these two 
applications in this dissertation. In Chapter 2, we start with a silicon-polymer hybrid 
passive slot photonic crystal waveguide (PCW) and demonstrate a low-loss strip-to-slot 
mode converter to efficiently couple light into this slot PCW [8]. Next, we present an EO 
polymer filled silicon slot photonic crystal waveguide Mach–Zehnder interferometer 
(MZI) modulator for on-chip optical interconnects in Chapter 3 and 4 [9, 10]. A record-
high effective in-device EO coefficient of 1290pm/V is experimentally demonstrated, and 
this is also the first 50GHz silicon-polymer hybrid PCW MZI modulator [10]. In Chapter 
5, we integrate this modulator with a broadband bowtie antenna on the same chip and 
demonstrate a sensitive photonic electromagnetic wave detector [7], and in Chapter 6 we 
present a detailed investigation and optimization of the bowtie antennas on glass substrate 
for this application of microwave photonics [11]. This is the first demonstration of 
silicon-polymer hybrid PCW devices for the photonic detection of electromagnetic waves 
[7]. In Chapter 7, a traveling wave directional coupler modulator based on a conventional 
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polymer waveguide is presented for highly linear broadband analog optical links, and a 
high dynamic range of 110±3dB/Hz2/3 is demonstrated up to 8GHz [12]. In Chapter 8, a 
thermo-optic switch based on coupled photonic crystal microcavities is demonstrated 
with compact size, wide spectrum range and low power consumption [13]. In Chapter 8, 
some future work is suggested, including in-device pyroelectric poling for EO polymer 
filled silicon slot PCWs, millimeter- or Terahertz-wave sensors based on EO polymer 
filled plasmonic slot waveguide, low-loss silicon-polymer hybrid slot photonic crystal 
waveguides fabricated by CMOS foundry, logic devices based on EO polymer microring 
resonators, and so on. 
1.2 SILICON PHOTONICS AND PHOTONIC CRYSTALS 
 
 
 
Figure 1.2:  Some building blocks in silicon photonics. This figure is from Ref. [20]. 
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In recent years, silicon photonics have attracted a significant amount of attentions, 
because it offers compact device size and the potential of complementary metal–oxide–
semiconductor (CMOS) compatible photonic integrated circuits [5, 14, 15]. Pioneering 
work in investigating silicon as an optical waveguide material was performed in the late 
1980’s [16-18]. The development of silicon-on-insulator (SOI) platform for optical 
device development (few hundred nanometers of single crystal silicon layer on top of a 
few micron thick buried oxide – BOX layer) has sparked renewed interest in silicon 
photonics technology, and a number of research groups have actively been involved 
worldwide since. The large refractive index contrast between silicon (nSi~3.47) and SiO2 
(nSiO2~1.45), and their optical transparency in the 1550nm wavelength window enables 
ultra-compact device dimensions suitable for large-scale, high density integration on a 
chip. Additionally, the increasing availability of complementary metal-oxide-
semiconductor (CMOS) photonic foundries, development of component libraries, and 
integration capability with microelectronics promises low-cost development of devices 
compared to other material technologies [19]. One important application of silicon 
photonics is optical interconnects. A lot of effects have been made to develop silicon-
based passive and active components in optical interconnection systems. Some passive 
components include fiber-to-chip light couplers, power splitter, polarization splitters, 
waveguide crossings, and filters. Some active optical devices also play dispensable roles, 
such as modulators, switches, and photodetectors. Figure 1.2 shows some building blocks 
in silicon photonics [20]. 
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Among all the silicon photonic structures, photonic crystal waveguides (PCWs) 
[21] which guide light with lower group velocity are attractive. Photonic crystals are 
periodic structures where light of certain wavelengths is forbidden to propagate in any 
direction. This phenomenon is analogous to the energy band gap for electron that exists 
in semiconductors, so it is called photonic band gap [22, 23]. Photons with an energy that 
meets the criteria of the allowed states can propagate through the photonic band gap 
structure, while photons with energy that falls in the disallowed states (photonic band 
gap) will be reflected. When defects are introduced into a photonic crystal, they induce 
strong localization of light in the defect area, which can be useful in a number of 
applications. An example of this line defect waveguide can be formed by etching an array 
of air holes on a silicon nanomembrane on a silicon-on-insulator (SOI) wafer [24, 25]. 
For a slab-type PCW, a guided mode is confined by both index guiding in vertical 
direction and coherent back scattering in horizontal direction. One unique feature in a 
PCW is that it supports “slow light” at the band edge of the defect induced guided mode 
[26], due to the combined effect of coherent backscattering and omni-directional 
reflection from the photonic band gap. With this slow-light effect, PCWs could provide 
enhanced light-matter interaction, which is beneficial for reducing the required device 
length and improving the device performance [27].  
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Figure 1.3:  Two-dimensional slot photonic crystal waveguide on silicon-on-insulator 
substrate. Schematics of the input strip waveguide, optical mode converter, 
PCW group index taper, and active modulation region are shown. Slot width 
is 75nm. (b) Enlarged portion of the dispersion diagram for the guided 
mode. (c) Group index and normalized in-slot optical power of the guided 
mode as a function of the optical wavelength. Optical mode profile at ng = 
100 is shown in inset. The figure is from Ref. [28]. 
 
Merging the benefits of PCWs and slot waveguides [29], slot PCWs have been 
demonstrated to confine and control the propagation of light [30, 31]. In a slot PCW, the 
(a)
(b) (c)
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strong optical confinement in the slot filled with a low index material, such as air or 
organic polymer [32, 33], is combined with the slow-light effect provided by a PCW, 
which have enabled high-performance active devices [34-36]. Figure 1.3 (a) shows an 
example of the slot PCW modulator [28], and Fig. 1.3 (b) shows a schematic band 
diagram of the PCW mode. In Fig. 1.3 (c), the group index as a function of the optical 
wavelength is overlaid with the normalized in-slot optical power of the guided mode, as 
well as an optical mode profile. In an electro-optic modulation (switching) device such a 
Mach–Zehnder interferometer (MZI) modulator, the phase change is proportional to the 
slow down factor S=ng/nφ, where ng is the group velocity and nφ is the phase velocity. As 
a result, although the index change is limited by the electro-optic effect of the material, 
the phase difference can be significantly enhanced by the strong dispersion in the slow 
light region. Figure 1.4 shows a band diagram of an EO polymer filled slot PCW with 
slot width of 320nm [9], overlaid with that of a conventional strip waveguide for 
comparison. The slope dispersion curve indicates the group velocity (speed of light/group 
index). It can be seen from the figure that, in the slow light wavelength (frequency) region 
close to the band edge where the group index is large, a slight variation of index of silicon 
or cladding will shift dispersion curve upwards or downwards, leading to a large shift of k 
vector and thus a large change of phase shift, ∆φ=∆k∙L, where L is the PCW length. 
Throughout this work, we have successfully demonstrated nanophotonic devices based 
on slow light silicon photonics, which will be described in the following chapters. 
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Figure 1.4:  A schematic of photonic band diagram of a slot PCW mode, overlaid with 
that of a conventional strip waveguide. A slight variation of cladding index 
may induce a shift of dispersion curve upwards or downwards, leading to a 
large change of optical phase at the photonic band edge (slow light region 
with large group index). Therefore, the slow-light effects in PCWs can 
enhance the phase shifts. Slot width is 320nm. 
 
1.3 ELECTRO-OPTIC POLYMER AND POLING 
 
The electro-optic (EO) polymer is a type of organic materials with EO activity. 
The working mechanism is based on the Pockels effect (also called EO effect), a second-
order nonlinear optical effect. When an external electric field is applied across the 
nonlinear optical materials, the refractive index in the medium is changed linearly 
proportional to the amplitude of the applied electric field. The Pockels effect is observed 
only in crystals that lack inversion symmetry such as lithium niobate or gallium arsenide 
and in non-centrosymmetric media such as EO polymers. When the light propagating in 
the EO polymer is polarized in the same direction as the applied electric field, the 
refractive index change in electro-optic polymer is give as 
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where r33 is generally the EO coefficient of interest for EO polymers. 
 
 
Figure 1.5:  One example of the chemical structure of a guest-host EO polymer, 
including the chromophore (AJLS-102) and host polymer (amorphous 
polycarbonate). 
 
The materials of interest in this dissertation are the guest-host EO polymers, in 
which a host polymer is doped with organic molecules called chromophores [37]. An 
example of the chemical structure of a guest-host EO polymer is shown in Fig. 1.5. 
Organic chromophores are composed of an electron donating group on one end and an 
electron accepting group on the other end that are connected by a conjugated π-electron 
system. Guest-host EO polymers are generally formulated by mixing nonlinear optical 
chromophores possessing large molecular hyperpolarizability with an amorphous 
polymer matrix.  A  variety  of  guest-host  systems  can  be  prepared  simply  
by  mixing  two components together. Though many organic polymers can be used as 
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a host matrix, it is necessary to consider the optical transparency of the polymer at the 
wavelength of interest because this affects the optical absorption loss of the waveguide. 
Since the two components are dissolved in a common solvent, a thin film can be 
prepared by casting, dipping, or spin-coating. The guest-host polymer thin films usually 
need to be dried under vacuum in order to completely remove the residual solvent.  
The guest-host EO polymers can offer several advantages. It provides unlimited 
selection of guest- and host-components, and a wide variety of centrosymmetric 
nonlinear optical chromophores. It can be easily processed into thin film by spin-coating 
and to be scaled onto large area of substrates. Its EO coefficient can be as large as 
450pm/V in poled thin film [38]. Its ultrafast response time of several femtoseconds can 
proved polymer based devices with very broad frequency bandwidth. The polymer has 
low dielectric constant which is beneficial for impedance matching for traveling wave 
devices. At the same time, the guest-host EO polymer also have some drawbacks and 
some challenges remains to be addressed in the future, including the decay of the 
nonlinear optical activity due to orientational relaxation, thermal and environmental 
instability, limited nonlinear optical activity due to the solubility limit of chromophores 
in the host matrix, and scattering loss due to the inhomogeneity of chromophores in the 
host matrix. Some recent efforts shows the improvement of EO polymer performances 
[39, 40], such as improved thermal stability, lower optical loss and higher power 
handling abilities.  
In this work, the EO polymers were provide by Prof. Alex Jens’s research group 
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in the University of Washington (Soluxra, LLC), such as AJCKL1, SEO300, SEO125, 
and SEO250. Amorphous polycarbonate (APC) was used as a host matrix. Some basic 
material properties of these guest-host EO polymer systems are summarized in Table 
1.1. Refractive index and material absorption loss are important parameters for 
polymeric waveguide devices. The glass transition temperature determines the process 
temperature for the thermally assisted electric-field poling of EO polymers. The r33 
coefficients of a single layer EO polymer film is a parameter that can be used to evaluate 
the poling efficiency of the fabricated devices. Since the poling efficiency and the 
resulting r33 coefficient are dependent on the poling process conditions, the poling 
temperature and the applied poling electric-field are provided as well. 
 
Table 1.1 Material properties of guest-host EO polymers 
 AJ-CKL1/APC ( 25wt%) SEO125 SEO250 
Refractive Index 1.63 @ 1550nm 1.63 @ 1550nm 1.72 @ 1550nm 
Absorption Loss 1.8dB/cm 1.5~2.0dB/cm 0.9dB/cm 
Tg 135℃ 150℃ 140℃ 
Thin film r33 
 
coefficient 
~80pm/V (Tp=140℃, 
Ep=100V/µm) 
~120pm/V (Tp=150℃, 
Ep=100V/µm) 
~230pm/V (Tp=140℃, 
Ep=100V/µm) 
 
(wt%: chromophore loading density, Tg: glass transition temperature, Tp: poling 
temperature, Ep: poling electric field) 
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The chromophores are randomly oriented in a thin film of EO polymers and 
hence the EO polymers are naturally centrosymmetric after the preparation of thin 
films. In order to induce a macroscopic second-order nonlinearity, thin films must be 
rendered noncentrosymmetric. This is usually done by a process called thermally 
assisted electric field poling, and this process is schematically illustrated in Fig. 1.6. 
First, the EO polymer is heated at or slightly above the glass transition temperature (Tg), 
and a DC electric field is applied across the polymer. At this elevated temperature, the 
secondary noncovalent bonds between the polymer chains become weak and the 
chromophores obtain some freedom to move. Since the chromophores have a 
permanent dipole moment, they can rotate and align to the applied electric field. Next, 
the EO polymer is then quickly cooled back to room temperature while maintaining the 
electric field. Finally, the chromophores are locked and aligned in place. 
 
 
Figure 1.6:  A schematic illustration of thermally assisted electric field poling process. 
 
For a stand-alone EO polymer thin film, its EO coefficient after poling can be 
measured by the optical retardatio method (also called Teng-Man Method) [41]. When 
measuring the in-device EO coefficient of a modulator, the EO coefficient r33 can be 
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calculated from the half-wave switching voltage (Vπ) of the modulator. In a Mach-
Zehnder modulator, for example, the half-wave voltage is expressed as 
3
33
d
V
n r L




     (1.2) 
Where λ is the wavelength in free space, d is the electrode separation, n is the 
waveguide effective refractive index, σ is the overlap integral between the optical mode 
and electric field, and L is the electrode length. The half-wave voltage is experimentally 
measured from the over-modulation test and other parameters are obtained from 
simulations based on the design parameters.  
 In the past few years, remarkable progress has been made in developing high-
performance EO polymer, with increased r33 (>200pm/V), better long-term thermal 
stability, higher optical power handing ability, and lower optical loss (<1dB/cm), and 
synthetic scalability. Based on recent results from Prof. Alex Jens’s research group in 
the University of Washington (Soluxra, LLC), some EO polymers such as SEO500 can 
achieve excellent thermal stability up to 100-200oC. And also, the EO polymers can 
handle optical power up to 100mW [42, 43]. 
1.4 SILICON-POLYMER HYBRID INTEGRATION 
 
The low cost, ease of fabrication, and integration capabilities of low optical-loss 
polymers make them attractive for cost reduction of optical and photonic components and 
high-performance integrated photonic applications. In addition to passive wave-guiding 
components, electro-optic (EO) polymers consisting of a polymeric matrix doped with 
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organic nonlinear chromophores have enabled wide-RF-bandwidth and low-power active 
photonic devices. Beside board level passive and active optical components, on-chip 
micro- or nano-photonic devices have been made possible by the hybrid integration of 
EO polymers with other material platforms.  
At the same time, silicon photonics have attracted a significant amount of 
attentions in recent years. It offers small device footprints due to the large index contract 
between silicon and air, and this promises the complementary metal–oxide–
semiconductor (CMOS) compatible photonic integrated circuits. The combination of 
silicon photonics and EO polymers, called silicon-organic hybrid (SOH) technology [44], 
can enable miniaturized and high-performance hybrid integrated photonic devices, such 
as electro-optic modulators [12, 45], optical interconnects [28, 46], and microwave 
photonic sensors [47]. Silicon photonic crystal waveguides (PCWs) exhibit slow-light 
effects which are beneficial for enhanced light-mater interaction [23, 48] and device 
miniaturization [27, 49]. Especially, EO polymer filled silicon slotted PCWs further 
reduce the device size and enhance the device performance by combining the best of 
these two systems. 
In this dissertation, the design, fabrication, and characterization of several types of 
silicon-polymer hybrid microwave photonic devices will be presented, including EO 
polymer filled silicon PCW modulators for on-chip optical interconnects, antenna-
coupled optical modulators for electromagnetic wave detections, low-loss strip-to-slot 
PCW mode converters. Some polymer-based devices and silicon-based photonic devices 
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will also be presented also, such as traveling wave electro-optic modulators based on 
polymeric directional coupler, and thermo-optic switches based on coupled silicon 
photonic crystal microcavities. Some suggested future work will also be introduced.  
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Chapter 2:  Silicon-polymer hybrid slot photonic crystal waveguides 
and mode converters * 
 
2.1 INTRODUCTION 
     
Photonic crystal waveguides (PCWs) are a relatively new platform that have 
generated significant interest over the last decade due to their ability to confine light to 
ultra-small mode volumes and their slow-light effects which can enhance the light-mater 
interaction. In slotted PCWs [1], as shown in Fig. 2.1, the strong optical confinement in 
the slot filled with a low index material, such as air or organic polymers [2-4], is 
combined with the enhanced light-matter interaction provided by a slow-light structure [5, 
6] for improving the device performance and miniaturizing device size. Specifically, 
silicon slot PCWs infiltrated with electro-optic (EO) active polymers have shown to 
enable high performance EO modulators [7-9], optical interconnects [4, 10], and 
photonic sensors [11-13]. For example, We have recently demonstrated an EO polymer 
infiltrated silicon slot PCW Mach–Zehnder interferometer (MZI) modulator with a 
switching voltage of 0.94V and an interaction length of 300µm, corresponding to a 
record-high effective in-device EO coefficient (r33) of 1230pm/V due to the combined 
effects of large EO polymer r33 and slow-light enhancement [14]. In comparison, in Ref 
                                                 
*  Citation: X. Zhang, H. Subbaraman, A. Hosseini, and R. T. Chen, "Highly efficient mode 
converter for coupling light into wide slot photonic crystal waveguide," Optics Express, vol. 22, pp. 20678-
20690, 2014. 
 X. Zhang mainly worked on the simulation, fabrication and characterization, and serves as the first 
author of the paper. Other coauthors also contributed to the work from simulation, material processing, 
discussion, or paper preparation. 
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[15] a non-slow-light/non-resonant MZI modulator based on EO polymer refilled silicon 
slot waveguide has an large interaction length of 1.5mm, but the measured in-device r33 
is only 15pm/V.  
For these EO polymer based devices, the EO polymer needs to be poled under a 
DC electric field, so that the Pockels effect can be produced from the non-
centrosymmetric alignment of the guest chromophores doped in the host amorphous 
polymers [16-20]. In this EO polymer poling process, the leakage current due to the 
charge injection through the silicon/polymer interface is known to be detrimental to the 
poling efficiency [21], especially for narrow slot widths (Sw) < 200 nm. Widening the 
slot has been so far the only successful approach to reduce the leakage current and 
improve the poling efficiency [22, 23]. It has been demonstrated that a slot width (Sw) as 
large as 320nm can significantly suppress the leakage current in the poling process and 
achieve an EO coefficient at the same level as that of the poled thin films of EO polymer, 
which is over two orders of magnitude larger compared to that in the narrow slot 
(Sw~75nm), while still achieving high optical confinement of the fundamental mode in 
this wide slot [22, 23]. Based on our simulations [22], the slot width further increases, the 
slot mode inclines to be decoupled into two separate waveguide modes [22]. Additionally, 
large slot width is detrimental to EO modulation efficiency because the electrode 
separation is increased. Therefore, we believe that a 300-350nm slot width with 30% in-
slot power is an optimized design for an EO polymer refilled silicon slot PCW modulator. 
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Here, we choose slot width of 320nm for demonstration. The refractive index of the 
polymer is assumed to be independent from the slot width. 
 
 
Figure 2.1:  (a) Schematic of our mode converter used for coupling light between a strip 
waveguide and a slot PCW on an SOI substrate. The top inset shows a 
magnified image of the coupling interface between the slot waveguide and 
the slot PCW. The bottom insets show the cross-sectional mode profile of 
the strip waveguide and the slot waveguide, respectively. (b) Top view of 
the mode converter between the strip waveguide and the slot PCW. Length 
of Sections I is fixed at 4µm, and the length of Section II is optimized to 
achieve highest conversion efficiency. (c) Top view of magnified image of 
the coupling interface between the slot waveguide and the slot PCW. Sw: 
slot width; Rw: rail width; WG: waveguide; SPCW: slot photonic crystal 
waveguide; L: length of section II of the mode converter. 
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In addition to increasing EO polymer poling efficiency for guest-host type EO 
polymer materials, there are also some other benefits of using large slot width as below. 
It was demonstrated that the poling-induced optical loss is reduced by the reduction of 
leakage current through large slot [24]. And also, different from typical slot widths of 
100~120nm in conventional slot waveguides [25], widening the slot width to 320nm also 
reduces the slot capacitance, enabling higher RF bandwidth [26] and lower energy 
consumption [27]. Additionally, the wider slot provides other benefits such as relaxed 
fabrication requirement and easier infiltration of cladding material. 
Despite the high EO polymer performance in wide slot waveguides, efficient 
coupling between a strip waveguide and a slot waveguide is challenging due to the large 
mode mismatch, as shown in the bottom insets of Fig. 2.1 (a) (fundamental TE mode). 
One common type of strip-to-slot mode converter is a V-shape mode converter [8, 28, 29]. 
We previously used this V-shape mode converter for coupling light from a strip 
waveguide into the 320nm slot PCW [22, 23]. However, the non-zero width of the 
fabricated tip due to lithography limitation leads to a discontinuity at the center of the 
mode profile, causing the total insertion loss to be as high as 23dB in which each mode 
converter attributes to a ~1dB insertion loss [22]. To address this problem, in this paper, 
we explore a new type of adiabatic mode converter to couple light from a single mode 
strip waveguide into a wide slot PCW, as shown in Figs. 2.1 (a) and (b). The mode 
converter consists of two linearly tapered sections, and the specific profile and 
dimensions are given in Fig. 2.1 (b). This type of adiabatic mode converter has been used 
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for conventional narrow slot waveguides with Sw<130nm [30-32], and insertion losses 
<0.04dB in a strip-loaded slot waveguide were demonstrated [32]. However, until now, 
adiabatic mode converters for larger slot widths (e.g. Sw~320nm) have not been reported. 
It is to be noted that the 320nm slot waveguide here is leaky waveguide, and it needs to 
be specially designed to minimize the optical power leakage and get the light into/out of 
the PCW as soon as possible. For this reason, the slot waveguide section is designed to be 
as short as 1µm as shown in Fig. 2.1 (b), and the rail width (Rw) is optimized to reduce 
optical loss. Moreover, contrary to conventional design rules, wherein the outer edge of 
the slot waveguide rails terminate at the center of holes in the first adjacent rows of the 
slot PCW [1, 22, 23, 29, 33-37], as shown in Fig. 2.1 (c), we find that if the termination is 
not at the center of the hole, very good coupling efficiency can still be achieved.  
In this chapter, we first present the design of the photonic crystal waveguide and 
group index taper which are used in this work, and then we focus on the design, fabricate 
and characterize a highly efficient silicon strip-to-slot mode converter for coupling light 
into a 320nm slot waveguide. The optical loss of the strip-to-slot mode converter is 
measured to be below 0.08dB. In addition, our adiabatic mode converter and V-shape 
mode converters are fabricated on the same chip, and the measured loss shows that our 
adiabatic mode converter has a 0.1dB lower loss compared to V-shape mode converter. 
Furthermore, we want to emphasize that we not only optimize a strip-to-slot mode 
converter for slot waveguide with Sw=320nm, but also demonstrate the use of this mode 
converter for efficiently coupling light into and out of a 300µm-long EO polymer refilled 
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slot PCW with the same slot width (Figs. 2.1 (a) and (b)). A clear band gap with about 
25dB extinction ratio is observed, and an improvement of 3.5dB in coupling efficiency 
within the slow-light wavelength region compared to the V-shape mode converter is 
demonstrated. This highly efficient light coupling into wide slot PCWs, combined with 
the improved poling efficiency of the electro-optic (EO) polymer in wide slot PCWs [22, 
23], provides tremendous advantages for several promising applications, including 
photonic integrated circuits, optical interconnects, EO modulation, and electromagnetic 
field sensing. 
2.2 BAND-ENGINEERED EO POLYMER FILLED SLOT PHOTONIC CRYSTAL WAVEGUIDE 
AND GROUP INDEX TAPER 
 
The waveguides in this work are designed on a silicon-on-insulator (SOI) substrate with 
top silicon thickness of 250nm and buried oxide thickness of 3µm. The basic silicon slot 
PCW structure is schematically shown in Fig. 2.2 (a), with a lattice constant of a=425nm, 
a hole diameter of d=300nm, and a total photonic crystal length of 314μm (including 
300μm-long active length and two 7μm-long PCW tapers). A W1.3 waveguide (the air 
hole spacing outside the slot is dW=1.3√3a) is chosen. A new EO polymer material, 
SEO125/APC from Soluxra, LLC, consisting of a guest/host system of 25%weight 
chromophore SEO125 into amorphous polycarbonate (APC) is used in this device. This 
EO polymer has a refractive index, n=1.63, and EO coefficient, γ33=125pm/V. The 
optical intensity profiles (|E|2) of the guided mode at the band edge (wave vector of π/a) 
is numerically calculated to have in-slot power fraction around Г=0.33.  
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Figure 2.2:  (a) A 3D schematic of band-engineered slot PCW, overlaid with the 3D 
electric field profile of the fundamental guided defect mode. (b) The band 
structure for 2 PCWs, the band-engineered slot PCW (a=425nm, d=300nm, 
s1=0, s2=-85nm, s3=85nm, Sw=320nm, dW=1.54(√3a), and the PCW taper 
(a=425nm, d=300nm, s1=0, s2=0, s3=0, Sw=320nm, dW=1.45(√3a). The 
“flattening” of the mode in the band-engineered slot PCW can be noticed. 
The black curve highlights the low dispersion slow light section of the mode 
of the band-engineered slot PCW. The dielectric light lines corresponding to 
the SiO2 (n=1.45) and EO polymer (n=1.63) cladding layers are shown. The 
useful part of the mode falls below the both light lines. (c) Variation of the 
group index vs. wavelength for the band-engineered slot PCW and the PCW 
taper. (d) Variation of the group velocity dispersion v.s. wavelength for the 
band-engineered slot PCW. 
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In addition, band-engineering technique is used to achieve low-dispersion slow-
light (constant group velocity) propagation in this slot PCW for the MZI operation [38, 
39]. Specifically, we have chosen the lateral lattice shifting approach [36] for the 
following advantages. First, all the PCW holes are the same and this increases the 
fabrication yield and reproducibility compared to techniques that require precise control 
of multiple hole diameters. Also, it facilitates targeting a desired group velocity over a 
bandwidth of interest since these two parameters can be tuned relatively independently 
compared to longitudinal lattice shifting. Finally, it does not change the defect line width 
and facilitates efficient coupling between the fast-light mode of a silicon slot waveguide 
(group index, ng ~3) and the slow-light mode in the slot PCW (ng >10).  
In the lattice-shifted slot PCW is shown in Fig. 2.2 (a). The first three adjacent 
rows on each side of the defect line are shifted parallel to the line defect to modify the 
dispersion diagram of the defect mode, as shown by the yellow arrows. Using Rsoft 
BandSolve module, we simulate the fundamental guided defect mode profile and band 
structure of this band-engineered slot PCW, as shown in Figs. 2.2 (a) and (b). For lattice 
constant, a=425nm, it is found that with hole diameter, d=300nm, lattice shifting step 
s1=0, s2=-85nm, s3=85nm, slot width of Sw=320nm, and dW=1.54(√3)a, we can achieve 
an average ng of 20.4 (±10%) over 8.2nm bandwidth as shown in Fig. 2.2 (c). Note that 
the second and third rows are shifted in different directions. The absolute value of the 
group velocity dispersion (GVD) remains below 10ps/nm/mm over the entire bandwidth, 
as shown in Fig. 2.2 (d).  
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To couple light form a fast-light slot waveguide to a slow-light slot PCW, a group 
index taper (also called PCW taper) is used to reduce the group index mismatch [36]. The 
group index taper consists of eight periods of non-band-engineered PCW (a=425nm, 
d=300nm, s1=0, s2=0, s3=0, Sw=320nm), for which, the width of the line defect (dW) 
parabolically increases from dW=1.45(√3)a  to dW=1.54(√3)a. The slot width (Sw), hole 
diameter (d), and the period (a) remain constant. The band structure and the group index 
variation of the PCW taper are shown in Figs. 2.2 (b) and (c), which can be compared 
with those of the band-engineered slot PCW. An ng of ~6 of the PCW taper over the 
optical bandwidth of interest provides an effective interface for coupling between the 
slow light mode of the slot PCW (ng=20.4) and the fast light in the silicon slot 
waveguides (ng ~3). In other words, the PCW taper gradually increases (slows down) the 
group index (propagating light) from the interface with the mode converter to the interface 
with the high ng slot PCW. 
2.3 OPTIMIZATION OF ADIABATIC MODE CONVERTER FOR WIDE SLOT WAVEGUIDE 
 
As shown in Figs. 2.1 (a) and (b), a slot waveguide is designed and used as an 
input for a designed slot PCW with the same Sw,. The input and output strip waveguides 
are connected to the slot waveguides using adiabatic strip-to-slot waveguide mode 
converters. The slot PCW and mode converters are covered with an EO polymer cladding 
with refractive index of 1.63 at 1550nm wavelength. Subwavelength grating couplers are 
used for coupling light between the strip waveguides and single mode fibers [40, 41]. As 
can be seen from Fig. 2.1 (b), a 1µm-long slot waveguide connects the mode converter 
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and the slot PCW. For both the slot waveguide and the slot PCW, most electric field is 
confined inside the slot region. Good optical mode confinement in the slot waveguide 
plays an important role in increasing the coupling efficiency from the slot waveguide to 
slot PCW; therefore, our work starts with the optimization of this slot waveguide section. 
 
 
Figure 2.3:  Confinement factor within the slot (red curve marked with squares) and neff 
(green curve marked with circles) plotted as a function of rail width (Rw), 
overlaid with the cross-sectional fundamental TE mode profiles for different 
Rw. The slot width (Sw) is 320nm, and the wavelength is 1550nm. 
 
The Sw is fixed at 320nm [9, 10, 23], and the rail width (Rw), as shown in Figs. 2.1 (a) 
and (b), of the slot waveguide is optimized for maximum mode confinement. The cross-sectional 
fundamental TE mode profile and the effective refractive index (neff) of the slot waveguide at the 
wavelength of 1550nm are simulated using COMSOL Multiphysics. Correspondingly, the 
confinement factor, defined as the overlap integral of the optical mode profile with the slot, 
0 50 100 150 200 250 300 350 400 450
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
 N
e
ff
 
C
o
n
fi
n
e
m
e
n
t 
fa
c
to
r
Rail width (nm)
Rw = 100nm Rw = 150nm Rw = 225nm Rw = 300nm Rw = 400nm
31 
 
whose mathematical expression can be found in Ref [42, 43], is also calculated. Fig. 2.3 shows 
the calculated confinement factor and neff plotted as a function of Rw, indicating the largest 
confinement factor of 38% is achieved at Rw=225nm. In comparison, It can be seen that the 
conventional design with slot waveguide rails terminating at the center of holes in the slot PCW 
interface, for example, at Rw=300nm in Fig. 1 (c), has a smaller confinement factor of 33%. In 
addition, compared to a slot waveguide with narrow Sw=100nm, in which a maximum 
confinement factor of ~42% can be achieved [42], the wider slot waveguide has a slightly lower 
confinement factor, but provides other advantages such as better manufacturability, better EO 
polymer filling, and higher EO polymer poling efficiency, which in turn provides a substantially 
larger EO coefficient after poling [22].  
Utilizing the optimized slot waveguide, we next investigate how the length of the 
mode converter affects the optical loss. The mode converter consists of two linearly 
tapered sections, as shown in Fig. 2.1 (b). Section I does not affect the performance of the 
mode converter significantly because most optical power is still confined in the 450nm-
wide strip waveguide [32], so this section is fixed to be 4µm in this work. The length of 
Section II, L, is critical and is optimized for achieving low enough optical loss. The Sw 
along section II is constant and fixed to be 320nm. L is tuned from 5µm to 30µm, and the 
corresponding optical loss is simulated using FIMMWAVE. The results are shown as a 
blue curve in Fig. 2.4 (c). Next, to verify the simulation, we fabricate mode converter 
pairs with optimized Sw of 225nm but with L varying from 5µm to 30µm. Test structures 
with different numbers of mode converters (2, 4 and 8) of varying lengths (L) connected 
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in series are fabricated using e-beam lithography and reactive ion etching (RIE) on an 
SOI substrate. The total length of the strip waveguides is kept constant, so that the 
extracted mode converter loss is not affected by the strip waveguides. Fig. 2.4 (a) shows 
some SEM images of cascaded pairs of fabricated adiabatic mode converters with 
L=5µm, 15µm, 20µm, and 30µm, respectively. Then, the fabricated mode converters are 
covered with EO polymer as claddings using spin coating method [44, 45]. In order to 
test the devices, TE-polarized light from a tunable laser at 1550nm is coupled into and 
out of the device utilizing a grating coupler setup [40, 41]. The output optical power is 
measured using an optical spectrum analyzer (OSA). The measured total insertion loss of 
the waveguides at 1550nm (including coupling loss on gratings, propagation loss on strip 
waveguides, and transition loss on mode converters) for different L as a function of the 
total number of mode converters is plotted in Fig. 2.4 (b). Each measurement data point 
in the plot is an averaged value from three groups of identical samples. The measured 
optical loss per mode converter, indicated by the slope of the linear regression lines of the 
measured data, is extracted and plotted in Fig. 2.4 (c), where error bars indicate variation 
errors of data in the three groups of measurements. It can be seen that the measured mode 
converter loss decreases as the mode converter length increases. For L>25µm, the 
measured mode converter loss is < 0.1dB. It can also be noticed that the variation in the 
measured losses becomes smaller as the length of the mode converter becomes larger. 
Therefore, the mode converter length is finally chosen to be 30µm, which is the point of 
diminishing returns in Fig. 2.4 (c). The measured results match the simulation results 
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pretty well, as shown in Fig. 2.4 (c). These measured losses are reproducible, and the 
deviations around the mean value are mainly caused due to fabrication induced errors.  
 
 
Figure 2.4:  (a) SEM images of fabricated test structures consisting of cascaded pairs of 
mode converters with L=5µm, 15µm, 20µm and 30µm, respectively. (b) 
Measured insertion loss indicated by dots for three fabricated samples as a 
function of number of mode converters in the measured arm. The loss is 
measured at 1550nm. (c) Simulated (blue curve) and measured (red dots) 
mode converter loss v.s. mode converter length. The error bars indicate the 
variation range of data in three groups of measurements. (d) Normalized 
transmission spectrum of one adiabatic mode converter. The simulation 
results are from FIMMWAVE simulation of a single mode converter, and 
the testing results are from the measured normalized transmission spectrum 
of 8 mode converters divided by 8. 
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Additionally, the optical bandwidth of the mode converter is investigated. The 
optical loss of a single adiabatic mode converter is simulated by FIMMWAVE over a 
wavelength range from 1520 to 1580, as shown by the blue curve in Fig. 2.4 (d). The 
transmission spectrum of 4 pairs of adiabatic mode converters (total number of 8) are 
measured and normalized. Then the measured loss per mode converter can be obtained by 
dividing this total loss by 8, as shown by the red curve in Fig. 2.4 (d). It can be seen that 
the simulation and testing results agree well with each other, indicating that our adiabatic 
mode converter can provide a wide low-dispersion operation. 
2.4 COMPARISON BETWEEN ADIABATIC MODE CONVERTER AND V-SHAPE MODE 
CONVERTER 
 
Next, we compare the performance of our optimized adiabatic mode converter 
with the conventional V-shaped mode converter [8, 23, 28, 29]. Both these types of 
converters have been explored by various groups [8, 23, 28-32]. The single-mode strip 
waveguide at the input has a width of 450nm, and the slot waveguide has Sw of 320nm 
and Rw of 225nm. Figs. 2.5 (a) and (b) show the simulated fundamental TE mode profiles 
(cross-sectional view), neff transitions, and the propagating mode (top view, normalized 
real part of Ex calculated by three-dimensional finite-difference time-domain (FDTD) 
method in RSoft) along the propagation direction for these two types of mode converters, 
respectively. All the simulations are done at the wavelength of 1550nm. It can be seen 
that our mode converter results in a smooth transformation of mode profiles and an 
adiabatic transition of neff from a strip mode to a slot mode, as shown in Fig. 2.5 (a). In 
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comparison, the V-shape mode converter has been simulated with a non-zero tip width 
(~80nm-wide) due to practical lithography limitations. Due to a discontinuity in the mode 
field distribution at the non-zero tip, an abrupt change of neff occurs, as shown in Fig. 2.5 
(b), resulting in additional optical scattering loss. Note that although an 80nm-wide tip in 
Section I of our adiabatic mode converter is also included in the simulation, no 
significant scattering is observed at this non-zero tip based on simulation results. This is 
because most of the electric field is confined in the 450nm-wide strip waveguide at the 
cross section where the non-zero tip appears, as shown in Fig. 2.5 (a). In addition, along 
our strip-to-slot mode converter, a possible second-order slot mode is suppressed due to 
the asymmetric slot waveguide geometry of the transition region, so the power is more 
efficiently coupled to the fundamental mode of the slot waveguide [46, 47].  
For experimental demonstration, a series of our strip-to-slot mode converters 
(L=30µm, S1: Rw=225nm) together with conventional V-shape mode converters (5µm-
long, V1: Rw=225nm, V2: Rw=300nm) are fabricated on the same chip, and the insertion 
losses at 1550nm of these mode converters are measured and compared. Additionally, 
another type of mode converter (S2, Rw=225nm) used in Ref [11], with the same length, 
is also fabricated on the same chip and tested. S2 has a 4µm-long linearly tapered section 
I and 10µm-long section II similar to S1 but both with a narrow slot width of 120nm, and 
then a 20µm-long section III with slot width linearly tapered from 120nm to 320nm. 
SEM images of mode converters S1, S2, V1, and V2 are shown in Figs. 2.6 (a) and (d), 
respectively. Note that for S2, as shown in Fig. 2.6 (b), the strip waveguide was 
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converted to a slot waveguide with Sw of 120nm similar to that in Ref [32], and then 
tapered to slot waveguide with Sw of 320nm and Rw of 225nm. Also note that the only 
difference between V1 and V2 is that V1 uses an Rw of 225nm (optimized), while V2 
uses an Rw of 300nm (un-optimized). 
 
 
Figure 2.5: The simulated neff transition along our mode converter (left) and a 
conventional V-shape mode converter (right), respectively, overlaid with 
mode profiles transformation (cross-sectional view) and FDTD simulation 
of mode propagation (top view), at the wavelength of 1550nm. For our 
adiabatic mode converter, Sw=320nm, Rw=225nm, L=30µm. For V-shape 
mode converter, Sw=320nm, Rw=225nm, L=5µm. 
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Figure 2.6:  (a) our adiabatic mode converter (S1), (b) mode converter (S2) as presented 
in Ref [11], (c) V-shape mode converter with Rw=225nm (V1), and (d) V-
shape mode converter with Rw=300nm (V2). The Sw=320nm for all four 
mode converters. L=30µm for S1 and S2, and L=5µm for V1 and V2. Note: 
here polymer claddings in (a)-(d) are not shown for better visualization. (e) 
Comparison of measured loss of our mode converter and conventional V-
shape mode converter at 1550nm. S1: loss=0.080dB; S2: loss=0.075dB; V1: 
loss=0.182 dB; V2: loss=0.981dB. 
 
Fig. 2.6 (e) shows the measured losses for these mode converters. The optical loss 
per mode converter can be estimated by the slope of the linear regression lines of the 
measured data. It can be clearly seen that our optimized mode converter (S1) has a loss of 
0.080dB, which is at least 0.1dB smaller than those of V-shape mode converters (V1: 
0.182dB; V2: 0.981dB). And also, the measured loss of S2 (0.075dB) is quite close to 
that of S1 (0.080dB) with the same length. Furthermore, from the comparison of the loss 
of V1 and V2 one can tell that the optimized Rw (225nm) gives smaller loss (0.182dB) 
than that (0.981dB) of the un-optimized Rw (300nm), and an improvement of about 0.8dB 
is achieved using the optimized Rw. 
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Note that the length of V-shape mode converter used here is only 5µm which is a 
length commonly used in some works [8, 28, 29], but the loss of the Sw-optimized V-
shape mode converter (V2) at 5µm is not significantly different for loss at 30µm, since no 
matter what length of V shape mode converter is used, the sudden discontinuity at the 
practical tip size still causes a high insertion loss. Therefore, increasing the length of the 
V shape mode converter does not provide any additional decrease in the insertion loss, as 
shown by the green curve in Fig. 2.7. The slight increase of loss is due to the increased 
mismatch at the sudden transition point (non-zero tip); whereas for the adiabatic 
converter, the longer length provides a greater reduction in the insertion loss. 
Theoretically, for L > 30 micron, the loss can be even lower as can be seen in Fig. 2.7.  
 
 
Figure 2.7:  Simulated loss of mode converter S2 and V2, as a function of mode 
converter length at the wavelength of 1550nm. 
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2.5 COUPLING LIGHT INTO WIDE SLOT PCW USING OPTIMIZED ADIABATIC MODE 
CONVERTER  
 
Furthermore, we investigate the coupling efficiency into slot PCW at the mode 
converter/slot-PCW interface. For convenience, researchers previously aligned the outer 
edge of the rails of the slot waveguide to the center of holes in the first adjacent rows, [1, 
22, 23, 29, 33-37] as shown in Fig. 2.1 (c). For example, in Ref [23] the slot PCW has the 
same structure but an un-optimized Rw of 300nm is used, corresponding to a confinement 
factor of 33% which can be seen from Fig. 2.3. However, by changing the Rw to 225nm 
(as in our optimized design) one can achieve the highest optical confinement factor of 38% 
in the slot, as shown in Fig. 2.3, with similar coupling efficiency to slot PCW. 
Finally, in order to demonstrate that our optimized adiabatic mode converter (final 
slot rail width, Rw=225nm, and Section II length, L=30μm) can enable efficient light 
coupling between a strip waveguide and a slot PCW, a 300µm-long EO polymer 
infiltrated slot PCW with Sw=320nm (the same as the one used in Ref [23]) with our 
mode converter (S1) is fabricated, as shown in Fig. 2.8 (a), and characterized. As a 
comparison, the same slot PCW with the V-shape mode converter (V1) is also fabricated 
on the same chip, as shown in Fig. 2.8 (b). PCW tapers [36] are used to connect the fast-
light slot waveguide with the slow-light PCW section [group index (ng) of 20.4], so that 
the group index is gradually changed from the interface with the slot waveguide to the 
interface with the high ng PCW.  
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Figure 2.8:  (a) An SEM image of our adiabatic mode converter used for a slot PCW. (b) 
An SEM image of a V-shape mode converter used for a slot PCW. Note: 
here polymer claddings in (a) and (b) are not shown for better visualization. 
Only the input ends are shown in (a) and (b), and the output ends are similar 
but in a reversed direction. (c) Normalized transmission spectrum of the slot 
PCW using our mode converter (red curve), overlaid with that using V-
shape mode converter (blue curve). Inset: magnified portion of the spectrum 
in the slow-light wavelength region, showing that the total insertion loss in 
the slow-light wavelength region is lower using our adiabatic mode 
converter than that using V-shape mode converter. 
 
In order to test the devices, TE polarized light from a broadband amplified 
spontaneous emission (ASE) source is coupled into and out of the device utilizing grating 
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coupling setup. The optical transmission spectrum is measured by the OSA and then 
normalized to that of a reference strip waveguide. As shown in Fig. 2.8 (c), a clear band 
gap with more than 25dB contrast is observed in the normalized transmission spectrum of 
the slot PCW with our adiabatic mode converter, indicating that our optimized mode 
converter enables efficient coupling into the slow-light slot PCW. In comparison, using 
the V-shape mode converter, the band gap has a ~2dB lower contrast in the normalized 
transmission spectrum. Note that the Fabry-Perot reflections observed in Fig. 2.8 (c) are 
due to the PCW structure, instead of the mode converter, because it has been 
demonstrated in Fig. 2.4 (d) that the mode converter provides a flat spectrum over a wide 
wavelength range. This statement can also be proved from the observation that this 
Fabry-Perot reflections appears on both the spectra using our adiabatic mode converter 
and using V-shape mode converter and that no additional oscillations are introduced 
comparing the two. The inset of Fig. 2.8 (c) shows a magnified portion of the 
transmission spectrum in the slow-light wavelength region. The total insertion loss in the 
slow-light wavelength region is lower using our adiabatic mode converter compared to 
that using the V-shape mode converter, with a maximum loss difference of up to 3.5dB at 
1560nm. 
2.6 SUMMARY 
 
In conclusion, we demonstrate a mode converter that achieves highly efficient 
coupling from a strip waveguide to a 320nm slot waveguide. The rail width (Rw) of the 
slot waveguide section is optimized to 225nm, yielding an optimized mode converter 
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length of 30µm. The measured insertion loss of the optimized mode converter is below 
0.08dB at 1550nm. The optimized Rw of 225nm provides a loss improvement of about 
0.8dB, compared to conventional designs that require Rw to be 300nm. And also, our 
adiabatic mode converter is demonstrated to provide a wide low-dispersion operation 
over a wide optical wavelength range. In addition, a comparison between our adiabatic 
mode converter and a conventional V-shape mode converter is presented, and an 
improvement of 0.1dB in loss is demonstrated for the adiabatic mode converter. Finally, 
in addition to coupling light between a strip waveguide and a 320nm-wide slot 
waveguide, our adiabatic mode converter is also used to couple light into and out of a 
320nm-wide EO-polymer refilled slot PCW. We experimentally demonstrate that our 
mode converter provides up to 3.5dB improvement in coupling efficiency compared to 
the V-shape mode converter in the slow-light wavelength region of the slot PCW. This 
adiabatic mode converter has the advantages of low loss, easy manufacturability and 
large fabrication tolerance. In our future work, the loss of our mode converter can be 
further improved by replacing linear tapered sections by logarithmic taper profiles [32]. 
Furthermore, the idea of this work can be generalized and extended to the research on 
other slot waveguides or slot PCW structures refilled with new high-performance EO 
active materials, such as binary-chromophore organic glass (BCOG), consisting of shape-
engineered spherical dendritic and rod-shaped dipolar chromophores, which has recently 
been demonstrated with an in-device EO coefficient of 230pm/V [43]. Highly efficient 
coupling into wide slot waveguides, combined with the improved poling efficiency of the 
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EO active materials in wide slots, provides tremendous advantages for several promising 
applications, including photonic integrated circuits [48-51], optical interconnects [52-54], 
EO modulation [27, 55-62], and electromagnetic field detection [63-66]. 
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Chapter 3:  Low-power low-dispersion silicon-polymer hybrid 
photonic crystal waveguide modulator * 
 
3.1 INTRODUCTION 
 
Electro-optic (EO) polymer modulators in optical links are promising for low 
power consumption [1] and broad bandwidth operation [2]. The electro-optic coefficient 
(r33) of EO polymers can be several times larger than that of lithium niobate. In addition 
to conventional all-polymer devices [1, 2] , combination of silicon photonics and EO 
polymer have shown to enable compact and high performance integrated devices [3], 
such as slot waveguide Mach-Zehnder Interferometer (MZI) modulators [4], slot 
waveguide ring-resonator modulators [5], and slot Photonic Crystal Waveguide (PCW) 
modulators [6]. The fabrication process of these devices involves the poling of the EO 
polymer at an elevated temperature. Unfortunately, the leakage current due to the charge 
injection through silicon/polymer interface significantly reduces the poling efficiency in 
narrow slot waveguides (slot width, Sw<200nm). Among the abovementioned structure, 
the slot PCW can support optical mode for Sw as large as 320nm [7]. Such a wide slot 
was shown to reduce the leakage current by two orders of magnitude resulting in 5х 
improvement in the in-device r33 compared to a slot PCW with Sw=75nm [7].  
                                                 
*  Citation: X. Zhang, A. Hosseini, S. Chakravarty, J. Luo, A. K.-Y. Jen, and R. T. Chen, "Wide 
optical spectrum range, subvolt, compact modulator based on an electro-optic polymer refilled silicon slot 
photonic crystal waveguide," Optics letters, vol. 38, pp. 4931-4934, 2013. 
X. Zhang mainly worked on the simulation, fabrication and characterization, and serves as the first 
author of the paper. Other coauthors also contributed to the work from simulation discussion, or paper 
preparation. 
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One problem remains among slot PCW modulators is their narrow operating 
optical bandwidth of <1nm [8-10] because of the high group velocity dispersion (GVD) 
in the slow-light optical spectrum range. To broaden the operating optical bandwidth of 
PCW modulators, lattice shifted PCWs can be employed, where the spatial shift of 
certain holes can modify the structure to provide low-dispersion slow light [11-15]. 
 In this chapter, we report a symmetric MZI modulator based on band-engineered 
slot PCW refilled with EO polymer, SEO125 from Soluxra, LLC. SEO125 exhibits 
exceptional combination of large EO activity, low optical loss, and good temporal 
stability. Its r33 value of poled thin films is around 125pm/V at the wavelength of 1310 
nm, which is measured by the Teng–Man reflection technique. The design and synthesis 
of SEO125 encompasses recent development of highly efficient nonlinear optical 
chromophores with a few key molecular and material parameters, including large β 
values, good near-infrared transparency, excellent chemical- and photo-stability, and 
improved processability in polymers [16]. Using a band-engineered EO polymer refilled 
slot PCW with Sw=320nm, we demonstrate a slow-light enhanced effective in-device r33 
of 1190pm/V over 8nm optical spectrum range. Excluding the slow-light effect, we 
estimate in-device material’ r33 of 89pm/V for SEO125 in the slot that show 51% 
improvement compared to the results (59pm/V) in [7].  
3.2 DESIGN OF BAND ENGINEERED EO POLYMER FILLED SLOT PHOTONIC CRYSTAL 
WAVEGUIDE 
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A schematic of the device on silicon on insulator (SOI) (Si thickness=250nm, 
oxide thickness=3μm) is shown in Fig. 3.1 (a). The input and output strip waveguides are 
connected to the device using a strip-to-slot waveguide mode converter. (Note: a V-shape 
mode converter used in this chapter, and an adiabatic mode converter described in section 
2 will be used in Chapter 4 and 5.) PCW couplers consisting of a fast-light section [17]  
connect the mode converters to a 300μm-long slow-light PCW section. The slow-light 
PCW section is band-engineered by lateral shifting of the first three rows on the two sides 
of the slot [indicated by s1, s2, s3 in Fig. 3.1 (a)] [12] and by varying the center-to-center 
distance between two rows adjacent to the slot [W in Fig. 3.1 (a)]. Multi-mode 
interference (MMI) couplers are used for beam splitting/combining [18]. Sub-wavelength 
grating (SWG) are designed to couple light into and out of the silicon strip [19]. 
 
 
Figure 3.1:  (a) Layout of the PCW coupler (mode converter + PCW coupler). The black 
area corresponds to un-etched silicon. (b) Band diagram of the engineered 
slow-light PCW and the PCW coupler. 
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For lattice constant, a=425nm, it is found that with a hole diameter d=300nm, 
s1=0, s2=-85nm, s3=85nm, Sw=320nm, and W=1.54(√3)a, we can achieve an average 
group index (ng=c/vg) of 20.4 (±10%) over 8.2nm optical bandwidth. The PCW coupler 
[a=425nm, d=300nm, s1=0, s2=0, s3=0, Sw=320nm, W=1.45(√3)a] consists of 16 periods 
and is designed for low ng=6 over the same wavelength range. The band diagrams of the 
slow-light and fast-light PCWs are shown in Fig. 3.1 (b).  
The required change of effective index of the EO polymer for the optical 
modulator to achieve a phase shift of π is theoretically calculated as Δn 
=1/(2Г)×(n/L)×λ/ng=1/(2×0.33)×(1.63/300µm)×1550nm/20.4=0.000625. This change of 
EO polymer index can be realized by applying a half-wave switching voltage of 
Vπ=2SwΔn/(n3γ33)=0.853V, where γ33=100pm/V is the EO coefficient of the polymer. 
Given the potentially large γ33=125pm/V of EO polymer SEO125 and demonstrated high 
poling efficiency achievable in wide slots (320nm compared to conventional 100nm) [7], 
the estimated γ33=100pm/V here is a realistic value. Therefore, from these calculations, 
the theoretical Vπ×L= 0.853V×300µm=0.256V mm. The expected effective in-device γ33 
is then calculated by (2) to be 1365pm/V, where λ=1560nm, Sw=320nm, n=1.63, 
L=300µm, Г=0.33. 
In addition, multimode interference (MMI) couplers are used for beam splitting 
and combining [20], a through-etched subwavelength grating (SWG)  with over 50% 
efficiency are designed to couple light into and out of the silicon strip [19]. 
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3.3 DEVICE FABRICATION 
 
 
 
Figure 3.2:  SEM images of the fabricated device. (a) Tiled view of a local area of 
silicon slot PCW modulator. (b) Top view of slot PCW area. (c) Cross-
sectional view of the EO polymer refilled silicon slot PCW. PCs: photonic 
crystals. (d) Zoom-in image of the dashed square area in (c). 
 
The fabrication procedure starts with an SOI wafer with 250nm-thick top silicon. 
All the photonic circuitries are fabricated using electron-beam lithography and reactive 
ion etching (RIE) in a single patterning/etching step, while the gold electrodes are 
patterned by photolithography and lift-off process, as shown in Figs. 3.2 (a) and (b). The 
EO polymer, SEO125, is infiltrated into the slot PCW by spincoating. The silicon PCW 
regions including holes and the slot are fully covered by EO polymer, as shown in the 
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SEM image in Figs. 3.2 (c) and (d). A microscope image of the fabricated MZI is shown 
in Fig. 3.3 (a).  
 
 
Figure 3.3:  (a) Top view of fabricated slot PCW MZI modulator. The red colored 
circuit connection indicates the push-pull poling configuration and induced 
r33 direction, and the black colored circuit connection indicates the 
modulation configuration. Vp: poling voltage, Vd: diving voltage. (b) The 
temperature-dependent leakage current in the EO polymer poling process. 
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leakage current as well as the hot plate temperature is monitored and shown in Fig. 3.3 
(b). It can be seen that the maximum leakage current remains below 0.659nA, 
corresponding to leakage current density of 8.79A/m2 [=0.659nA/(300um*250nm)]. For 
comparison, the typical leakage current density of the EO polymer is 1-10A/m2 in a thin 
film configuration. This poling result is repeatable and shows that the 320nm-wide slot 
dramatically reduces the leakage current that is known to be detrimental to the poling 
efficiency [21]. 
3.4 MEASUREMENT OF EFFECTIVE IN-DEVICE ELECTRO-OPTIC COEFFICIENT WITH R33 
OVER 1000PM/V 
 
For modulation test, TE-polarized light from a tunable laser source (1550nm, 
2.5mW) is coupled into and out of the device through grating couplers. The total optical 
insertion loss is 20dB, including the 6.5dB/facet coupling loss from grating couplers. RF 
signals are applied to the electrodes as shown in Fig. 3.3 (a). The modulator is biased at 
the 3dB point and driven by a 100KHz triangular RF wave with a peak-to-peak voltage of 
1.4V. The modulated output optical signal is sent to a photodetector and then displayed 
on a digital oscilloscope. The modulation frequency is within the bandwidth of the 
photodetector and the oscilloscope. From the output optical waveform measured by the 
digital oscilloscope, over-modulation is observed [1, 3, 7, 21, 22]. The Vπ of the 
modulator is measured to be 0.973V from the transfer function of the over-modulated 
optical signal and the input RF signal on the oscilloscope, by finding the difference 
between the applied voltage at which the optical output is at a maximum and the voltage 
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at which the optical output is at the following minimum [1, 3, 7, 21, 22]. The effective in-
device r33 is then calculated to be  
r33−effective =
𝜆𝑆𝑤
𝑛3𝑉𝜋𝜎𝐿
= 1190pm/V          (3.1) 
where, λ=1.55µm, Sw=320nm, n=1.63, L=300µm, σ=0.33 (confinement factor in the slot) 
calculated by simulation. This extraordinarily high r33 value confirms the combined 
enhancing effects of slow light and an improved poling efficiency. This band-engineered 
320nm slot PCW modulator also achieves very high modulation efficiency with 
Vπ×L=0.973V×300μm=0.292V×mm.  
We also estimate the actual in-device r33 excluding the slow-light effect using [11] 
𝐿 =
𝜆
2𝜎𝑛𝑔
(
𝑛
Δ𝑛
)      (3.2) 
where, Δn=n3 r33Vπ /(2Sw). The estimated in-device r33 is 89pm/V that is significantly 
larger than our previous work in [7] and is the highest poling efficiency demonstrated in a 
slot waveguide to the best of our knowledge. Considering the r33 dispersion from the two-
level model approximation [23], this value also represents nearly 100% poling efficiency 
that has been obtained in poled thin films of SEO125. 
This extraordinarily high γ33 value confirms the combined enhancing effects of 
slow light and an improved poling efficiency. The effective in-device γ33 remains over 
1000pm/V over 5nm wavelength range. With the designed ng=20.4, we estimate the in-
device γ33 to be 74pm/V, significantly more than the 59pm/V in our another work on a 
non-band-engineered slot PCW [7].  
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3.5 MEASUREMENT OF SPECTRUM RANGE OF OPERATION 
 
 
 
Figure 3.4:  (a) Measured Vπ and corresponding calculated effective in-device r33 v.s. 
wavelength (at 100KHz). HD SL: high-dispersion slow-light; LD SL: low-
dispersion slow-light; LD FL: low-dispersion fast-light. (b) Normalized 
device response v.s. wavelength (at 100KHz). The green dashed line 
indicates the trend of the response change over different wavelength. The 
simulated ng v.s. wavelength is also overlaid. 
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To demonstrate the wide optical spectrum range, the optical wavelength is tuned 
from 1544nm to 1560nm while all other testing conditions are fixed. The Vπ measured at 
different wavelength, as well as the corresponding calculated effective in-device r33, is 
plotted in Fig. 3.4 (a). It can be seen that the Vπ is nearly constant, which is 0.97±0.02V, 
over optical spectrum range of 8nm (low-dispersion slow-light region: from 1546.5nm to 
1554.5nm), corresponding to the effective in-device r33 of 1190pm/V and Vπ×L of 0.291 
± 0.006V×mm. We note that this Vπ×L value is relative to a push-pull configuration. 
Relative to a single-arm modulator where the effective length of the MZI is the length of 
both arms together, Vπ×(2L) = 0.582 ± 0.012V×mm is still a record low value. 
Furthermore, a small signal modulation test is done at Vpp<1V over a range of 
wavelength from 1535nm to 1582nm, while all other testing conditions remain the same. 
The modulated optical signal is converted to electrical signal by a photodetector and then 
measured by a microwave spectrum analyzer. The wavelength dependence of the 
normalized modulated optical signal is plotted in Fig. 3.4 (b). It can be seen that the 
defect-guided mode of slot PCW occurs from 1543nm to 1580nm. The maximum 
response occurs at the high-dispersion slow-light region (wavelength from 1543nm to 
1546.5nm), because of the largest slow-light enhancement (largest ng) in this region. The 
response is almost flat in the low-dispersion slow-light region (wavelength from 
1546.5nm to 1554.5nm), because the slot PCW is band-engineered to have a nearly 
constant ng in this wavelength range. As the optical signal is tuned to longer wavelength 
(low-dispersion fast-light region: from 1554.5nm to1580nm), the device response 
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becomes smaller due to decreasing ng.  
3.6 SUMMARY 
 
In summary, we design, fabricate and characterize a band-engineered EO polymer 
refilled silicon slot PCW MZI modulator. The half-wave switching-voltage is measured 
to be Vπ=0.97±0.02V over optical spectrum range of 8nm, corresponding to the slow-
light enhanced effective in-device r33 of 1190pm/V and Vπ×L of 0.291±0.006V×mm. To 
the best of our knowledge, this is the best figure of merit that has ever been reported. 
Table 2.1 shows the comparison of our results with some other group’s results in recent 
years [7, 9, 24-26]. Excluding the slow-light effect, we estimate the EO polymer is poled 
with a record-high EO activity of 89pm/V in the slot at the wavelength of 1.55µm. In our 
future work, the optical loss of our modulator can be further reduced, such as by the 
design of low-loss PCW couplers [27] and improved coupling and packaging method 
[28]. The photochemical stability, a common issue for polymer based modulators, is 
expected to be improved by hermetically sealing of EO polymer in a robust packaging 
[29, 30]. Poled thin films of SEO125 have shown good temporal stability due to its 
relatively high Tg=145°C, and after the poling its EO coefficients were essentially 
unchanged under ambient conditions. While SEO125 is a newly developed material and  
its complete characterization in terms of performance and photo-stability is an ongoing 
effort, EO polymers with similar compositions have been demonstrated to have potential 
long-term stability by removing oxygen in the packaging of devices [31]. 
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Chapter 4:  High-speed energy-efficient silicon-organic hybrid 
photonic crystal waveguide modulator * 
 
4.1 INTRODUCTION 
 
The combination of silicon photonics and electro-optic (EO) polymers has 
enabled compact and high-performance hybrid integrated microwave photonic devices 
[1-3], such as electro-optic modulators [4, 5], optical interconnects [6, 7], and photonic 
electric-field sensors [8]. The large EO coefficient (r33), ultrafast response time (~1fs), 
very low dispersion, and spin-coating feature of EO polymers promise low-power 
consumption, ultra-high speed operation, and ease of fabrication [9-12] . Silicon 
photonics offers the potential of complementary metal–oxide–semiconductor (CMOS) 
compatible photonic integrated circuits [13, 14]. Silicon photonic crystal waveguides 
(PCWs) [15, 16] exhibit slow-light effects, which can be used for device miniaturization 
[17, 18]. Especially, EO polymer filled silicon slotted PCWs [19] further reduce the 
device size and enhance the device performance by combining the best of these two 
platforms. 
Our group previously demonstrated an EO polymer filled slot PCW modulator 
with a slow-light-enhanced effective in-device r33 of 735pm/V [20], but the device is 
                                                 
*  Citation: X. Zhang, C. Chung, A. Hosseini, H. Subbaraman, J. Luo, A. Jen, R. L. Nelson, C. Lee, 
and Ray T. Chen “High performance Optical Modulator Based on Electro-optic Polymer Infiltrated Silicon 
Slot Photonic Crystal Waveguide,” Journal of Lightwave Technology, 2015. (To Appear) 
X. Zhang mainly worked on the simulation, fabrication and characterization, and serves as the first 
author of the paper. Other coauthors also contributed to the work from modeling, material processing, 
discussion, or paper preparation. 
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dispersive over optical wavelength which limits its operational spectrum range. To 
address this problem, a band-engineered slot PCW modulator was designed using lattice-
shifted PCWs, and an effective in-device r33 of 1190pm/V over optical spectrum of 8nm 
was achieved [21]. Since both of these two device were demonstrated at kHz or MHz 
frequency range, the modulation speed of this type of devices still needs to be improved. 
A modulator working at GHz frequency regime, while consuming low energy and having 
large spectrum range, is highly desired for many applications ranging from digital data 
communications to analog photonic links and networks.  
In this chapter, we report the design, fabrication, and characterization results of a 
high-performance EO polymer filled slot PCW modulator with high-speed, high 
modulation efficiency, low power consumption, and low optical dispersion. The main 
motivation of this work is to achieve a high-speed operation of the same device in [21], 
by doping the silicon PCWs in two levels and thus reducing the RC time constant. With 
2-level silicon doping and assisted by a backside gate voltage, the modulation response 
up to 50GHz is observed, with a 3-dB bandwidth of 15GHz. A small voltage-length 
product of Vπ×L=0.282V×mm is achieved, corresponding to an unprecedented record-
high effective in-device EO coefficient (r33) of 1230pm/V at 100KHz. Discounting the 
slow-light effects, the in-device r33 is about 98pm/V. Lattice-shifted PCWs are utilized to 
engineer the photonic band diagram and thus enable an 8nm-wide low-dispersion 
spectrum range, which is over an order of magnitude wider than that in modulators based 
on non-band-engineered PCWs and ring-resonators. This paper is organized as follows. 
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The design of a band-engineered PCW modulator and the principle of high-speed 
modulation will be first presented. Then the process of device fabrication will be 
described. Next, the characterization results of our modulator will be reported, including 
Vπ×L, RF bandwidth, power consumption, and optical bandwidth. Finally, a discussion 
and a summary are presented.  
4.2 DESIGN OF HIGH-SPEED MODULATION ELECTRODE 
 
Our optical modulator is a symmetric Mach-Zehnder Interferometer (MZI), with 
slot photonic crystal waveguides (PCWs) incorporated in both the arms, as shown in Fig. 
4.1 (a). We start with a silicon-on-insulator (SOI) substrate with 250nm-thick top silicon 
and 3µm-thick buried oxide (BOX) layers. The slot and holes of the PCWs are filled with 
an EO polymer (SEO125 from Soluxra, LLC), which has a refractive index, n=1.63 at 
1550nm, and an extraordinary combination of large EO coefficient (r33 of ~100pm/V at 
1550nm), low optical loss, synthetic scalability, as well as good photochemical stability. 
Its relatively high glass transition temperature of 150℃ provides good temporal stability, 
and the EO coefficient of poled SEO125 is essentially unchanged under ambient 
conditions. The refractive index of the EO polymer can be changed by applying an 
electric field via the Pockels effect, and is given as 312 33 / wn r n V S   , where Δn is the 
change in refractive index of the EO polymer, V is the applied voltage, Sw is the slot 
width. The slot PCW has a hexagonal lattice of air holes with the lattice constant 
a=425nm, hole diameter d=300nm, slot width Sw=320nm, and center-to-center distance 
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between two rows adjacent to the slot W=1.54( 3 )a. The optimum slot width of 320nm 
supports a confined optical mode, and also tremendously increases the EO polymer 
poling efficiency by suppressing the leakage current through the silicon/polymer interface 
during the poling process [22]. We also note that the poling-induced optical loss is 
reduced by this reduction of leakage current [23]. More importantly, different from 
typical slot widths of 100~120nm in conventional slot waveguides [19, 24], widening the 
slot width to 320nm reduces the slot capacitance, enabling the potential of higher RF 
bandwidth and lower power consumption, and relaxes the fabrication complexities. To 
address the issue of the narrow operational optical bandwidth of typical PCW modulators 
(less than 1nm at the group index, ng>10) [4, 25], lattices of the second and third rows of 
the PCW are shifted parallel to the slot with relative values of S2 = -85nm, S3 = 85nm 
[indicated by the arrows in Fig. 4.1 (b)]. As a result, a flat group index (ng) of 20.4 
(variations < ±10%) over a wavelength range from 1546nm to 1554nm is achieved, as 
shown in Fig. 4.1 (c), enabling an optical spectrum range as wide as 8nm for low-
dispersion operation. In order to efficiently couple light from a strip waveguide into and 
out of the slot PCW, an adiabatic strip-to-slot mode converter is designed [26-28]. To 
make a smooth transition between the group indices from a slot waveguide (ng~3) to a 
slot PCW (ng~20.4), a group index taper consisting of 8 periods of non-lattice-shifted 
PCW is developed, in which W increases parabolically from W=1.45( 3 )a to W=1.54(
3 )a [29]. Sub-wavelength gratings (SWGs) are used to couple light into and out of the 
silicon strips [30]. Multi-mode interference (MMI) couplers are used for beam 
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splitting/combining. The PCW interaction length is chosen to be 300µm for Vπ<1V based 
on theoretical calculation using 1
2 g
n
L
n n


  

 [31], where σ=0.33 is the confinement 
factor in the slot [32] calculated by the simulation, λ=1550nm is wavelength, and 
ng=20.4. 
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Figure 4.1:  An EO polymer filled silicon slot PCW MZI modulator designed on an SOI 
substrate. (a) Three-dimensional schematic of the modulator. The inset 
shows the magnified image of the silicon slot PCW on one arm of the MZI. 
PCW: photonic crystal waveguide; MMI: Multi-mode interference; G: 
ground electrode; S: signal electrode. (b) A tilted view of the slot PCW on 
one arm of the MZI, showing the cross-sectional device dimension, 2-level 
doping concentrations, group index taper region, and band-engineered PCW 
region. Note: the EO polymer is not shown here for better visualization. (c) 
Simulation result of engineered group index in the slot PCW (red curve) as a 
function of wavelength, showing 8nm low-dispersion slow-light wavelength 
region (flat band nature of low-dispersion region highlighted in green). Also 
overlaid is a blue dashed curve representing the dispersive group index 
versus wavelength for non-band-engineered PCW for comparison. HD SL: 
high-dispersion slow-light; LD SL: low-dispersion slow-light; LD FL: low-
dispersion fast-light. (d) Equivalent electrical circuit of the MZI modulator 
in a push-pull configuration, with a constant gate voltage applied on the 
bottom silicon substrate. Ed: driving field, Ep: poling field, Vgate: gate 
voltage. 
 
Due to the short interaction length (300µm), the maximum modulation frequency 
of our modulator is not limited by the group velocity mismatch between RF and optical 
waves, which is usually the case in conventional modulation devices, necessitating the 
use of complex traveling wave electrode geometries. Instead, it is mainly limited by the 
time needed to charge the capacitor formed by the slot through the finite ohmic resistance 
across the silicon; therefore, our modulator can be driven by lumped electrodes and the 
RC time delay is the key factor to be engineered for high-speed modulation [3, 5, 33]. The 
silicon PCW is selectively implanted by n-type dopant (Phosphorus ion, 31P+) with ion 
concentrations of 1×1020cm-3 and 1×1017cm-3 [8], as shown in Figs. 4.1 (a) and (b), so that 
the resistivity of silicon region is reduced to 9×10-6Ω·m and 9×10-4Ω·m, respectively [34]. 
The purpose of using relatively lower concentration (1×1017cm-3) in the waveguide region 
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is to avoid significant impurity-induced optical scattering loss [35, 36]. For reference, the 
intrinsic doping concentration of the undoped top silicon on our SOI wafer is 1×1014cm-3. 
Based on our previous work [20], in the case of 320nm-wide slots, we use the EO polymer 
resistivity (ρEO) value of about 108Ω·m and RF dielectric constant (εRF,EO) value of 3.2. The 
change in the RF dielectric constant of silicon (εRF,Si) due to the doping is also taken into 
account [37]. The separation between the gold electrodes is 9.32µm. Figure 4.1 (d) shows a 
simplified equivalent circuit of the modulator driven in a push-pull configuration, in which the 
slot can be represented by a capacitor C and the silicon PCW region by a resistor R. Effective 
Medium Approximations [8, 38, 39] are used for the calculation of the effective 
resistance (R) and the effective RF dielectric constant in the region of EO polymer refilled 
silicon PCW. As the modulation frequency increases, the percentage of electric potential 
dropped across the slot will decrease due to the reduced slot impedance (1/|jωC|). The 
low resistivity of doped silicon can help increase the electric field inside the slot at high 
frequencies. Simulations by COMSOL Multiphysics show that over 90% of the electric 
potential is dropped across the slot at 10GHz. Both the optical field and the modulation RF 
field are concentrated in the 320nm-wide slot, enabling a large field interaction factor, and 
thus providing efficient modulation at high modulation frequency. Based on simulations 
performed using Lumerical Device software, the total effective resistance of the 300μm-
long silicon PCW is 189 Ohms, and the slot capacitance is as small as 39fF. Thus, the 
theoretical 3-dB modulation bandwidth of the MZI modulator is estimated to be 
1/(2πRC)=22GHz.  
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It was recently demonstrated that the RF bandwidth of modulators can be further 
improved by applying a constant gate voltage (Vgate) between the bottom silicon substrate 
and top silicon layer [40, 41] to make the top silicon layer sufficiently conductive. This 
technique avoids the need for heavy doping, so impurity-scattering optical loss can be 
minimized [42]. This method was used for conventional silicon slot waveguides to 
achieve modulation up to 42.7GHz [40] and low energy consumption of 320fJ/bit [41]. 
Here we adopt a similar technique on our silicon PCW modulator, as shown in Fig. 4.1 
(d). By applying a positive voltage on the backside silicon substrate (weakly doped, 
resistivity of ~15Ω·cm) across the 3µm-thick BOX layer of our device, the energy bands 
in the n-type top silicon are bent, and thus more electrons accumulate at the interface 
between the silicon PCW and the BOX layer. Since the resistivity of the silicon region is 
inversely proportional to the density and mobility of majority free carriers, the resistivity 
of the silicon PCW region can be reduced, leading to an enhanced RF bandwidth and a 
reduced power consumption of the modulator. 
4.3 DEVICE FABRICATION 
 
The fabrication procedure starts with an SOI wafer. The silicon slot PCW is 
patterned by electron-beam lithography and reactive ion etching (RIE). Then, the silicon 
slot PCW is first implanted with 31P+ at energy of 92keV and dose of 1.05×1012/cm2 to 
reach an ion concentration of 1×1017cm-3. Next, the device is patterned by 
photolithography and selectively implanted with 31P+ at energy of 92keV and dose of 
1.05×1015/cm2 to reach an ion concentration of 1×1020cm-3 in the region which will 
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connect the gold electrodes in order to form ohmic contacts. A rapid thermal annealing at 
1000oC for 10min in a flowing nitrogen environment is followed to annihilate the 
induced defects and activate the implanted ions, which also improves the optical 
performance of the ion-implanted waveguides. Next, 1µm-thick gold electrodes with 
5nm-thick chromium adhesion layers are patterned using photolithography, electron-
beam evaporation, and lift-off. Figures 4.2 (a) and (b) show the SEM images of the 
fabricated device in a tilted view. Figure 4.2 (c) shows a top view of the fabricated slot 
PCW, with arrows indicating the shifted lattices. Next, the EO polymer is formulated, 
and then covered over the PCW and dispersed into the holes and slot by spin coating. 
Figure 4.2 (d) shows the cross section after EO polymer filling.  
Finally, to activate the EO effect, a poling process is performed [43-45]. The 
device is heated up on a hot plate to the EO polymer glass transition temperature of 
150℃ in a nitrogen atmosphere, and a constant poling electric field of 110V/µm is 
applied across the EO polymer inside the slot in a push-pull configuration, as shown in 
Fig. 4.1 (d). The randomly oriented chromophore dipoles inside the polymer matrix are 
then free to rotate and align in the direction of poling electric field. Next the temperature 
is quickly decreased to room temperature while the constant electric field is still applied, 
and eventually the chromophores are locked in a uniform direction to form a 
noncentrosymmetric structure. During this poling process, the leakage current is 
monitored and it remains below 0.53nA, corresponding to a low leakage current density 
of 5.5A/m2. This is comparable to the typical leakage current density of 1-10A/m2 
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measured in a thin film configuration, indicating a high poling efficiency [21].  
 
 
Figure 4.2:  SEM images of the fabricated device. (a) A tilted view of the symmetric 
MZI modulator with silicon slot PCWs in both arms. (b) A magnified image 
of the silicon slot PCW in one arm inside the gap of electrodes. (c) A top 
view of the slot PCW, with arrows indicating the shifted lattices on the 
second and third rows. S2=-85nm, and S3=85nm. (d) A cross-sectional view 
of the photonic crystal structure filled with EO polymer. 
 
4.4 MEASUREMENT OF HIGH MODULATION EFFICIENCY 
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Figure 4.3:  Device characterization at low frequency. (a) Transfer function at 100kHz. 
The Vπ is measured to be 0.94V from over-modulation. (b) Measured 
effective in-device r33 as a function of time in days, indicating the long-term 
stability of the modulator. 
 
A low-frequency modulation test is first performed on the device to measure the 
voltage-length product, Vπ×L, which is a figure of merit (FOM) for optical modulators. 
TE-polarized light from a tunable laser source (1550nm) is coupled into and out of the 
device utilizing an in-house built grating coupler setup [30]. An RF signal from a 
function generator is applied onto the electrodes in a push-pull configuration, as shown in 
Fig. 4.1 (d). The modulator is biased at the 3dB point and driven by a sinusoidal RF wave 
with a peak-to-peak voltage of Vd=1.5V at 100KHz. The modulated output optical signal 
is detected using an amplified avalanche photodetector and a digital oscilloscope setup. 
As shown in Fig. 4.3 (a), over-modulation is observed on the output optical waveform, 
and the Vπ of the modulator is measured to be 0.94V. Thus, the FOM of the modulator 
achieved is Vπ×L=0.94V×300μm=0.282V×mm. The effective in-device r33 is then 
calculated to be [8] 
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where λ=1550nm, Sw=320nm, n=1.63, L=300µm, and σ=0.33, which is the highest ever 
in-device r33 ever recorded. Such a high r33 value originates from the combined effects of 
a large bulk r33 of the EO polymer material, an improved poling efficiency achieved via 
widening the slot width (320nm), the slow-light enhancement in the silicon PCW, as well 
as the increased percentage of voltage drop across the slot due to silicon doping. 
Discounting the slow-light effect, the actual in-device r33 is estimated to be as high as 
98pm/V [46-48]. In addition, to verify the long-term stability of the device, the same test 
is repeated in the same conditions over the duration of a month, and the measured 
effective in-device r33 as a function of time in days is shown in Fig. 4.3 (b). It can be seen 
that no severe degradation of device performance is observed after a month, due to the 
improved stability of the EO polymer material. Table 4.1 shows the comparison of our 
results with some other groups’ in recent years, from which it can be seen that our group 
has reported the smallest Vπ×L value and the largest effective in-device r33 value among 
silicon-polymer hybrid EO modulators. 
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Table 4.1 Silicon-polymer hybrid EO modulators reported in recent years 
 
 
4.5 MEASUREMENT OF BROAD RF BANDWIDTH 
 
The RF bandwidth is measured in a small signal modulation test. RF driving 
signal is provided by a vector network analyzer (VNA) and applied onto the electrodes of 
the modulator via a ground-signal-ground (GSG) picoprobe. The modulated optical 
signal is amplified by an erbium doped fiber amplifier (EDFA) and received by a high-
speed photodetector, and then the received power is measured using a microwave 
spectrum analyzer (MSA). The measurement system is calibrated using short-open-load 
technique. The measured EO response of the device as a function of modulation 
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frequency is normalized to the response of the photodetector and shown in Fig. 4.4 (a), 
from which a 3-dB modulation bandwidth of 11GHz is measured. Note that the upper 
frequency of this measurement is limited by the upper limit of our MSA, which is 26GHz.  
Next, in order to overcome this measurement limit and demonstrate the 
modulation response at frequencies over 26GHz, we perform another measurement using 
a sideband detection technique [49-52]. The optical output of the modulator is directly 
connected to the optical spectrum analyzer (OSA), and the transmission spectrum of the 
modulator is measured. When the modulator is driven by a high frequency RF signal, two 
sidebands appear in the transmission spectrum, equally spaced around the main peak [49-
53]. Figure 4.4 (b) shows overlaid transmission spectra of the optical modulator driven at 
10GHz, 20GHz, 30GHz and 40GHz. At higher modulation frequencies, the power of the 
sidebands becomes lower due to the combined effects of decreased electric potential drop 
across the slot, reduced output power of the RF source, and increased RF loss on the 
feeding cable and the probe. Since the power of the main peak and first sideband is 
proportional to the square of the zero-order and first-order Bessel function of the first 
kind (Ji, i=0,1) as a function of phase modulation index (η) which represents the achieved 
phase shift (unit: radians), by measuring the ratio of the main peak power and sideband 
power (J0
2(η)/ J02(η) ≈ (2/η)2), the phase modulation index (η) can be extracted [40, 51-
53]. The obtained modulation index as a function of modulation frequency is plotted as 
the red curve shown in Fig. 4.4 (c). Sideband signals are observed above the noise floor 
until the modulation frequency is over 43GHz. 
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Figure 4.4: Device characterization at high frequency. (a) Measured normalized EO 
response of the modulator as a function of modulation frequency in a small-
signal modulation test. The 3-dB bandwidth is measured to be 11GHz. (b) 
Measured optical transmission spectra of the modulator operating at 10GHz, 
20GHz, 30GHz and 40GHz. (c) Measured modulation index as a function of 
frequency, under different backside gate voltages. (d) Increased 3-dB RF 
bandwidth as the positive gate voltage increases. (e) Measured modulation 
index as a function of Vgate at different modulation frequencies, overlaid 
with the states of accumulation, depletion and inversion. (f) Measured 
modulation index over a range of optical wavelengths. The modulation 
index is nearly constant over a low-dispersion slow-light region of 8nm. 
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4.6 MEASUREMENT OF GATE-ASSISTED IMPROVEMENT OF BANDWIDTH AND ENERGY 
CONSUMPTION 
 
Next, to further increase the RF bandwidth of the modulator, a positive gate 
voltage (Vgate) from a high-voltage supply is applied to the bottom silicon substrate across 
the BOX layer of our device [40, 41], as shown in Fig. 4.1 (d). The positive Vgate is varied 
and the corresponding modulation index is measured. As shown in Fig. 4.4 (c), as the 
positive Vgate increases, the measured modulation index at each frequency increases and 
the whole curve becomes flatter, due to the increased electron accumulation at the 
interface of the silicon PCW and the BOX [40, 41]. When the Vgate is increased over 
150V, the sideband power starts to appear above the noise level in the transmission 
spectrum at 50GHz, and the corresponding modulation index is plotted the blue curve 
shown in Fig. 5 (c). Further increasing the positive gate voltage, e.g. up to 300V, helps 
improving the modulation index at the same frequency, or extending the RF frequency 
with the same modulation index, as shown by the green curve in Fig. 5 (c). 4.4 (d) shows 
the 3-dB bandwidth of the modulator as a function of positive Vgate, and it can be seen 
that under the Vgate of 300V, the 3-dB bandwidth is increased to 15GHz. Note the 
breakdown electric field of the silicon dioxide is about 0.5GV/m [54], corresponding to a 
voltage of 1500V that the 3µm-thick BOX layer can withstand.  
In order to further investigate the device performance under Vgate, a negative Vgate 
is applied, and the modulation index is measured and plotted in Fig. 4.4 (e). It can be seen 
that with the magnitude of negative voltage slightly increased, the measured modulation 
index decreases due to the depletion of electrons. At a Vgate of around -75V, the free 
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electrons are almost completely depleted, so the modulation index becomes the smallest, 
which is also shown by the black curve in Fig. 4.4 (c). When the magnitude of the 
negative voltage further increases, modulation index starts to increase because “inversion” 
state occurs in which holes are accumulated in the top silicon PCW layer. This interesting 
phenomenon is quite similar to the well-known Metal-Oxide-Semiconductor (MOS) 
capacitor structure [55]. 
What is more, a small switching voltage is achieved under a high positive Vgate, 
suggesting a low power consumption. For example, the measured modulation index is 
η=0.23 at 10GHz under Vgate=300V, and correspondingly, the required switching voltage 
is then 
dV V


  =2.2V at 10GHz, where Vd= 0.16V is the RF driving voltage 
calculated from the output power of RF source. Since our modulator is a lumped device 
without termination, the power consumption is then dominated by the capacitive load of 
the slot. The RF power consumption for 100% modulation depth is 21
22 ( ) 2f CV  
=24mW at modulation frequency of f=10GHz, where C=39fF is the slot capacitance 
obtained from simulation and verified experimentally, Vπ=2.2V is used as the driving 
voltage to achieve a maximum extinction ratio, and a factor of 2 is added due to the push-
pull configuration. In addition, we make an estimation of energy consumption per bit for 
our device [56]. If our modulator is driven by PRBS signals with the same power level, 
we estimate the energy consumption per bit for our modulator at the bit rate of 10Gbit/s 
as 2
1
2
4
bitW CV   = 94.4fJ/bit [3, 41, 52, 56, 57]. Note that, in actual high-speed 
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digital modulations, the driving voltage can be smaller than Vπ, in which case a decently 
clear eye diagram, a high enough extinction ratio and acceptable bit error rate (BER) can 
be still achieved using lower energy [18, 25, 41, 58, 59]. Though, we still use Vπ as 
driving voltage (i.e.100% modulation depth) in our estimation, because this can 
compensate the actual voltage drop caused by experimental imperfections such as 
reflections, drift, RF loss, etc., and allows for a reasonable estimated value of energy 
consumption. This very low estimated energy consumption is due to both a significantly 
reduced Vπ and the very small capacitance achieved by widening the slot. Note that, 
although the applied Vgate is high, the power consumption on the backside gate is 
negligible (<30pW) due to the highly insulating BOX layer.  
4.7 MEASUREMENT OF LOW-DISPERSION OPTICAL BANDWIDTH 
 
Finally, to demonstrate the wide optical bandwidth of this PCW modulator, the 
wavelength of the laser input is tuned from 1544nm to 1560nm, while Vgate is set to be 
zero and all other testing conditions are kept the same. Over this spectrum range, the 
modulation index is measured at 10GHz, 20GHz, 30GHz, and 40GHz, and the results are 
plotted in Fig. 4.4 (f). It can be seen that at each modulation frequency, the curve of the 
measured modulation index looks flat from 1546nm to 1554nm, with a small variation of 
±3.5%. This is because the modulation index is proportional to the ng (η~1/Vπ and 
Vπ~B×λ/ng, where B is a constant) [60], and ng has been engineered to be almost constant 
in this low-dispersion slow-light wavelength region, which agrees well with the simulated 
low-dispersion spectrum range in Fig. 4.1 (c). This 8nm-wide low-dispersion spectrum 
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range is useful for some applications such as wavelength division multiplexing (WDM), 
and also makes our modulator insensitive to variations of wavelength and temperature, 
which is much better than non-band-engineered PCWs [4, 25] and ring resonators [61-
64]. In Fig. 4.4 (f), the largest modulation index is achieved in the high-dispersion slow-
light region (from 1543.5nm to 1546 nm), because of the largest ng in this region. As the 
wavelength increases over 1554nm, the measured modulation index decreases due to the 
decreasing value of ng. 
4.8 DISCUSSION 
 
In recent years, some groups have reported their work on analog/digital optical 
modulators based on similar structures such as silicon PCW MZI [18] and EO polymer 
filled silicon slot waveguide MZI [41], while our EO polymer filled silicon slot PCW 
MZI modulator combines the benefits from both the slow-light PCW [18] and the silicon-
organic hybrid (SOH) structure [41]. In Reference [18], Nguyen, et al, demonstrated a 
silicon Mach-Zehnder modulators with 90µm-long lattice-shifted photonic crystal 
waveguides with ng=20~30. By utilizing the plasma dispersion effect on p-n diode, digital 
modulation at a data rate of 40Gbit/s, optical bandwidth of 12.5nm, and insertion loss of 
14.8dB were experimentally demonstrated. Since only a peak-to-peak driving voltage, 
Vpp=5.3V (instead of Vπ), is reported in this reference, we theoretically estimate the Vπ of 
the modulator [31, 60, 65] to be 2( )eff gV n n L



  5
2
( 1.6 10 30 90 )
1550
m
nm

     
=18V for apples-to-apples comparison. This large Vπ value leads to a large Vπ×L product 
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of 1.62V×mm at 10Gbit/s. In reference [41], Palmer, et al, reported a MZI modulator in 
which EO polymer is filled into a 1.5mm-long slot waveguide with slot width of 80nm. 
This modulator was demonstrated with in-device r33 of 15pm/V, energy consumption of 
320fJ/bit at 10Gbit/s digital modulation, total insertion loss of 21dB, and Vπ=2.5V which 
corresponds to a Vπ×L=3.75V×mm. In a recent article published by the same group [66], 
Alloatti, et al, demonstrated a MZI modulator with 500µm-long 120nm-wide-slot 
waveguide filled with EO polymer, in which they reported a 3dB bandwidth of 100GHz, 
but a relatively higher Vπ×L=11V×mm, as well as optical loss of 21±2dB. In addition, 
recently, a rather specialized SOH modulator based on plasmonic waveguide has been 
demonstrated by Melikyan, et al, with bit rate of 40Gbit/s, energy consumption of 
60fJ/bit, optical bandwidth of 120nm, and insertion loss of 12dB [52]. Considering the 
reported Vπ×L=1.3Vmm and device length of 29um, its value of Vπ is as large as 45V, 
which may be prohibitive for some applications. 
Besides, the fiber-to-fiber total optical insertion loss is estimated to be 15dB, 
including the ~3.5dB loss per grating coupler, ~0.4dB loss per MMI coupler, ~0.1dB loss 
per mode converter, ~0.5dB loss per group index taper, and ~6dB insertion loss on EO 
polymer filled slot PCW, based on CMOS foundry fabrication conditions [67]. In our 
measurements, we observed a higher insertion loss, and the additional losses can be 
mainly dominated by the imperfect fabrication quality (e.g. sidewall roughness) from our 
university fabrication tools. This abovementioned value is provided instead of the actual 
measured insertion loss in order to avoid misleading information about the true 
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performance behavior of the device. The optical loss can be further reduced by the design 
of a low-loss slot PCW and passive components, improved fabrication quality, and 
improved coupling and packaging methods [68]. By using a mature commercial CMOS 
foundry to fabricate our PCW devices [67], the optical loss and fabrication yield can be 
improved. 
4.9 SUMMARY 
 
In summary, we demonstrate a broadband, low-power, low-dispersion and 
compact optical modulator based on a silicon slot PCW filled with EO polymer. 
Benefiting from the combined enhancement provided by the slow-light effect and high-
r33 polymer, the voltage-length product of the modulator is measured to be as small as 
Vπ×L=0.282V×mm, corresponding to a record-high effective in-device r33 of 1230pm/V 
ever demonstrated. The silicon PCW is selectively doped to reduce the RC time delay 
and to achieve high-speed modulation. A backside gate technique is applied to our silicon 
PCW device to enhance device performance. Assisted by the backside gate voltage of 
300V, the 3-dB bandwidth of the modulator is demonstrated to be 15GHz. In addition, 
the power consumption of the modulator is measured to be 24mW at 10GHz, and the 
estimated value of energy consumption per bit for a potential digital modulation is 
approximately 94.4fJ/bit at 10Gbit/s based on measured Vπ at 10GHz [3, 41, 52, 56, 57]. 
By using the band-engineered PCWs, the modulator is demonstrated to have a low-
dispersion optical spectrum range as wide as 8nm, which is a factor of ~10X better than 
other modulators based on non-band-engineered PCWs [4, 25] and ring resonators [61] 
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which have narrow operating optical bandwidth of <1 nm.  
In our future work, the optical loss can be further reduced by the design of a low-
loss slot PCW and passive components, improved fabrication quality, and improved 
coupling and packaging methods [68]. By using a mature commercial CMOS foundry to 
fabricate our PCW devices [67], the optical loss and fabrication yield can be improved. 
The Vπ×L product can be further reduced by using more efficient organic EO materials, 
such as supramolecular organic EO glasses and binary EO polymers exhibiting intrinsic 
Pockels coefficients greater than 300 pm/V [69]. Recently, a figure of merit of 
n3r33=2601pm/V is achieved in tethered binary nonlinear optical chromophores with 
enhanced poling efficiency [70]. A transmission line can be designed to drive the 
modulator as a traveling wave device, in order to achieve modulation frequency over 
100GHz [66, 71]. Recently, the SOH slot waveguide structures have been developed for 
digital modulations more advanced modulation formats such as QPSK and 16QAM with 
>1Tb/s [72, 73], thus, our future work will also include driving our modulator using high-
speed digital signals [18, 25, 59] and also using this modulator for advanced modulation 
formats and coherent modulation scheme [72, 73]. To further investigate the high-speed 
behavior limited by the RC constant, detailed information of the actual values of the 
resistance and capacitance in the equivalent circuit model can be extracted by measuring 
the complex frequency-dependent amplitude reflection factor S11 at the device input 
using a vector network analyzer and then curve-fitting the measured S11 data [63, 74, 
75]. In addition, potential stability of the modulator, a common issue for almost all 
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polymer based devices, can be further improved by developing new EO polymers with 
higher glass transition temperatures and crosslinking chemistry, and by hermetically 
sealing the EO polymer and removing oxygen in the device packaging [76]. More 
detailed studies of EO polymer thermal stability indicate that operation up to 150℃ 
results in a change of EO coefficients < 10% [77, 78]. 
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Chapter 5:  Integrated photonic electromagnetic wave sensor based on 
antenna-coupled modulator on silicon-on-insulator substrate * 
 
5.1 INTRODUCTION 
 
The detection, measurement and evaluation of electromagnetic fields have 
attracted a significant amount of attention in recent years [1-3]. Electromagnetic field 
sensors have shown promising applications in high power microwave (HPM) and 
electromagnetic pulse (EMP) detection, environmental electromagnetic interference 
(EMI) analysis, electromagnetic compatibility (EMC) measurements, radio frequency 
(RF) integrated circuit testing, process monitoring and control, as well as in the research 
of electromagnetic radiation effects on human health. Traditional electronic-based 
electromagnetic field sensors [4, 5] normally have large active conductive probes which 
perturb the field to be measured and also make the device bulky. In order to address these 
problems, integrated photonic sensing of electromagnetic field has been developed, in 
which the optical signal is modulated by an RF signal collected by an antenna [6-11]. The 
antennas used here can potentially be designed to be small enough or all-dielectric [12] to 
minimize the perturbation of high-frequency electric field under measurement. The key 
element of such devices is an efficient electro-optic (EO) modulator. One common 
                                                 
*  Citation: X. Zhang, A. Hosseini, H. Subbaraman, S. Wang, Q. Zhan, J. Luo, A. K. Jen, and R. T. 
Chen, "Integrated Photonic Electromagnetic Field Sensor Based on Broadband Bowtie Antenna Coupled 
Silicon Organic Hybrid Modulator," Lightwave Technology, Journal of, vol. 32, pp. 3774-3784, 2014. 
X. Zhang mainly worked on the simulation, fabrication and characterization, and serves as the first 
author of the paper. Other coauthors also contributed to the work from simulation, material processing, 
discussion, or paper preparation. 
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structure of EO modulators is a Mach-Zehnder interferometer (MZI), in which an 
electric-field-induced optical phase modulation is converted into an optical intensity 
variation [13, 14]. These integrated photonic electromagnetic field sensors have a few 
inherent advantages over conventional electronic sensors, such as compact size, high 
sensitivity, broad bandwidth, good galvanic insulation and noise immunity [15].  
Recently, silicon-organic hybrid (SOH) technology [16] has shown to enable high 
performance integrated photonic devices such as compact and low-power EO modulators 
[17, 18], high-speed optical interconnects [19, 20], and sensitive photonic sensors [21]. 
Benefiting from the large EO coefficient (r33) of active organic polymers [22, 23] as well 
as the strong optical mode confinement made possible by the large index of silicon [24, 
25], SOH integrated photonic electromagnetic field sensors are promising for achieving 
high sensitivity, compact size, and broad bandwidth.  
It has been demonstrated in [15] that low half-wave voltage (Vπ), high input 
driving voltage (electric field), and large input optical power of EO modulators can 
improve the sensitivity of the photonic electromagnetic field sensors. To enhance the 
sensitivity through Vπ reduction, silicon slot photonic crystal waveguides (PCWs) refilled 
with large EO coefficient (r33) EO polymer can be employed due to the slow-light 
enhanced light-matter interaction [26, 27]. The enhanced light-matter interaction also 
enables a compact device size [28, 29]. The silicon in the SOH slot PCW modulator can 
also be doped to achieve high speed operation [30, 31]. For example, modulation speeds 
up to 40GHz or over 40Gbit/s have been demonstrated in [32, 33]. Furthermore, the 
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antenna can be designed for broadband resonant electric field enhancement [34] [35], 
which is equivalent to increasing the input driving voltage of the modulator, thereby 
increasing the sensitivity of the sensor. The geometrical dimensions of the antenna are 
much smaller than the wavelength of the electromagnetic field to be measured. This 
antenna can be combined with the SOH slot PCW modulator to achieve even higher 
sensitivity over wide frequency bandwidth. Such a combination of integrated RF 
photonics [36] and SOH technology [16] offers a viable platform for high frequency 
electromagnetic field sensing. 
In this chapter, we present the design, fabrication and characterization of a 
compact and highly sensitive integrated photonic electromagnetic field sensor based on a 
silicon-organic hybrid modulator driven by a bowtie antenna. Slow-light effects in the 
electro-optic (EO) polymer refilled silicon slot photonic crystal waveguide (PCW), 
together with broadband electric field enhancement provided by the bowtie antenna, are 
utilized to enhance the interaction of microwaves and optical waves, enabling an ultra 
large effective in-device EO coefficient over 1000pm/V and thus a high sensitivity. The 
EO polymer refilled slot PCW is designed for low-dispersion slow-light propagation, 
high poling efficiency, and high optical mode confinement inside the slot. The bowtie 
antenna acts not only as a receiving antenna, but also as poling electrodes during the 
fabrication process. A bowtie antenna integrated on doped silicon slot PCW is 
demonstrated to have a broad operational bandwidth, with a maximum resonance at the 
frequency of 10GHz. The strongly enhanced broadband electric field is used to directly 
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modulate the phase of the optical waves propagating through the slot PCW embedded 
inside the feed gap of the bowtie antenna. The phase modulation is then converted to 
intensity modulation using an external reference arm to form a Mach-Zehnder 
interferometer in our experimental setup. The sensing of electromagnetic field at 8.4GHz 
is experimentally demonstrated, with a minimum detectable electromagnetic power 
density of 8.4mW/m2, corresponding to a minimum detectable electric field of 2.5V/m. 
5.2 DEVICE OVERVIEW 
 
The key parts of our photonic electromagnetic field sensor consisting of an EO 
polymer refilled silicon slot PCW phase modulator coupled with a gold bowtie-shaped 
antenna are shown schematically in Figs. 5.1 (a)-(e). An EO polymer, SEO125 from 
Soluxra, LLC, with a large r33, low optical loss, and good temporal stability, is used to 
refill the silicon slot PCW. This EO polymer refilled silicon slot PCW with a slot width 
(Sw) of 320nm is band-engineered to achieve low-dispersion slow-light propagation over 
a broad wavelength range of 8nm [37], as well as high optical mode confinement inside 
the EO polymer refilled slot. The slow-light enhanced effective in-device r33 of this SOH 
modulator can be over 1000pm/V [18, 37], which is beneficial for high-sensitivity 
sensing. The slot PCW is embedded in the feed gap of the bowtie antenna, and the silicon 
layer is selectively implanted with different ion concentrations for high frequency 
operation [38]. The bowtie antenna is used as a receiving antenna, driving electrodes, and 
poling electrodes. Here the bowtie antenna with capacitive extension bars has a simple 
design, and a broadband characteristic. With the two bowtie arms as receivers, a confined 
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resonant electric field with strong enhancement factor can be generated in the gap 
between them [34]. 
 
  
Figure 5.1:  continued next page. 
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Figure 5.1: (a) A schematic view of the key part of the electromagnetic field sensor 
consisting of an EO polymer refilled silicon slot PCW phase modulator and 
a bowtie antenna. An external arm combined with this phase modulator 
forms an MZI structure, converting phase modulation to intensity 
modulation. (b) Subwavelength grating coupler. (c) Strip-to-slot mode 
converter (d) Slot PCW. (e) Tilted view showing the cross section of the 
antenna-coupled slot PCW, with dimension parameters and two levels of n-
type silicon doping concentrations. Note: the EO polymer layer covered on 
top of the device is not shown in (b)-(e) for better visualization. 
 
The working principle of this integrated photonic electromagnetic field sensor is 
discussed as follows. A continuous wave (CW) laser input is coupled into and out of the 
device. The bowtie antenna harvests incident electromagnetic waves, transforms it into 
high-power-density time-varying electric field within the feed gap, which directly 
interacts with the light propagating along the EO polymer refilled slot PCW embedded 
within the feed gap (i.e. interaction region). The refractive index of the EO polymer is 
controlled by the applied electric field via the EO effect, which modulates the phase of 
the optical wave within the low-dispersion wavelength regime of the slot PCW. For 
measurement, we convert this phase modulation to an intensity modulation using an 
external arm enabled MZI structure. Finally, by measuring the modulated optical 
intensity at the output end of the MZI, an incident electromagnetic field from free space 
can be detected through optical means. This integrated photonic electromagnetic field 
sensor can reduce the impact of perturbing fields, since it is based on an optical 
modulation technique. 
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5.3 DESIGN OF SILICON-ORGANIC HYBRID SLOT PHOTONIC CRYSTAL WAVEGUIDE 
MODULATOR 
 
 
Figure 5.2: (a) Layout of the strip-to-slot mode converter, PCW coupler and band-
engineered PCW. The black area corresponds to un-etched silicon, and the 
gray area corresponds to the etched silicon. The red-color holes indicate the 
PCW taper section. The s1, s2, and s3 indicate the lattice shift direction in 
band-engineered PCW section. WG: waveguide. (b) Cross-sectional view of 
strip waveguide mode profile. (c) Cross-sectional view of slot waveguide 
mode profile. (d) The small variations of ng over about 8nm wavelength 
range, for the band-engineered slow-light PCW and PCW coupler. The lines 
of different colors represent the ng at different positions along the PCW 
coupler as indicated by the dashed lines of corresponding colors in (a). This 
indicates a smooth transition of ng from the beginning of the PCW taper to 
the band-engineered PCW. 
  
The layout of the slot PCW is shown in Fig. 5.2 (a). This slot PCW is designed on 
a silicon-on-insulator (SOI) substrate with 250nm-thick top silicon and 3µm-thick buried 
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oxide layers. The PCW holes and slot are assumed to be filled with EO polymer, 
SEO125, which has a refractive index of 1.63 at 1550nm. SEO125 exhibits an 
exceptional combination of large EO coefficient, good near-infrared transparency, 
excellent chemical- and photo-stability, and improved processability [37]. Additionally, a 
lattice-shifted slot PCW is used to achieve low-dispersion slow light [39], where 
optimized values of the lattice constant (a=425nm), hole diameter (d=300nm), slot width 
(Sw=320nm), center-to-center distance between two rows adjacent to the slot 
(W=1.54( 3 )a), relative lateral shift of the first three rows (s1=0, s2=-85nm, s3=85nm 
[indicated by the arrows in Fig. 5.2 (a)]) are utilized. A group index (ng) of 20.4 (±10%) 
over about 8nm optical wavelength is achieved [37], as shown by Rsoft BandSolve 
simulations in Fig. 5.2 (d), thereby enabling a relatively large operational optical 
bandwidth of sensor device compared to non-band-engineered PCW designs with 
typically  narrow optical bandwidth of <1nm at ng>10 [40]. Note that the large slot 
width of Sw=320nm in the PCW not only supports a confined optical mode, but also helps 
in increasing the poling efficiency by suppressing the leakage current in EO polymer 
poling process [37, 41]. In order to efficiently couple light between the slow-light mode 
of the slot PCW (ng~20.4) and the fast-light mode in the slot waveguide at the mode 
converter end (ng~3), a PCW taper consisting of non-band-engineered PCW (a=425nm, 
d=300nm, s1=0, s2=0, s3=0, Sw=320nm) is designed and inserted between the two device 
components, as indicated in Fig. 5.2 (a), in which W  increases parabolically from 
W=1.45(√3)a  to W=1.54(√3)a from the beginning to the end of the PCW taper. Figure. 
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5.2 (d) shows the ng variation of the PCW taper over about 8nm wavelength range for the 
engineered slow-light PCW and the PCW coupler. The colored dashed lines show the 
gradual increase in the group index from the interface with the mode converter to the 
interface with the high ng band-engineered PCW. What is more, a new type of strip-to-slot 
mode converter [42] is used to couple light between the strip waveguide and the 320nm-wide-
slot PCW waveguide more efficiently compared to conventional V-shape mode converters 
[43]. In addition, subwavelength grating (SWG) couplers [44, 45], as shown in Fig. 5.1 (b), 
are used to couple light into and out of the device using single mode fibers.  
The basic sensing principle is based on the EO modulation inside the EO polymer 
refilled silicon slot PCWs. The required PCW interaction length for achieving a π phase 
shift is given as L=1/(2σ)×(n/Δn)×λ/ng=255.9µm, where σ=0.33 is the fraction of the 
energy in the slot calculated using BandSolve simulations, n=1.63 is the index of the EO 
polymer, Δn=0.0007 is the change in the index of the EO polymer when voltage V=1V is 
applied, and λ=1550nm is the free-space wavelength and ng=20.4 is the group index. The 
change in the EO polymer index is calculated using Δn=-n3r33V/(2Sw), where the 
estimated r33=100pm/V at 1550nm is consistent with the large r33 value of 125pm/V of 
SEO125 thin films at 1.3µm after considering the dispersion factor and the nearly 100% 
poling efficiency demonstrated in 320nm-wide slots [37]. Therefore, from these 
calculations, the figure of merit of the modulator is Vπ×L=1V×255.9µm=0.0256V×cm. 
Such a small Vπ×L promises a compact and efficient EO modulator, and thus a highly 
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sensitive integrated photonic electromagnetic field sensor. The expected effective in-
device r33 is then calculated as  [46] 
          
33, 3
w
effective
S
r
n V L


   1356pm/V                 (5.1) 
Our another recent work has experimentally demonstrated the Vπ×L and effective in-
device r33 on the same order [37]. Conservatively, the length of the active section of the 
PCW used in our work is chosen to be 300μm.  
5.4 DESIGN OF HIGH-SPEED PHOTONIC CRYSTAL WAVEGUIDE MODULATOR 
 
 
   
 
Figure 5.3: (a) Cross-sectional view of RF (10GHz) electric potential distribution across 
the doped silicon slot PCW filled with EO polymer. (b) Electric potential 
along the red dashed line in (a), indicating that a large percent of voltage is 
dropped across the slot filled with EO polymer. 
 
To achieve modulation (or sensing) in GHz frequency regime, both the silicon 
PCW layer and the bowtie antenna need to be specially designed and carefully optimized. 
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It is known that the RC time delay of a device is one key factor limiting its operational 
bandwidth. In order for our sensor to operate at a high frequency, the top silicon layer is doped 
to reduce the electrical resistivity of the PCW, while maximizing the electric field inside the 
slot. The designed two-level doping condition in the silicon slot PCW is shown in Fig. 5.1 (e). 
The resistivity values of the highly-doped silicon (donor, 1×1020cm-3) and low-doped (donor, 
1×1017cm-3) are 9×10-6Ω·m and 9×10-4Ω·m, respectively [47]. For reference, the intrinsic 
doping concentration of the undoped top silicon on our SOI wafer is 1×1014cm-3. Note that an 
ion doping concentration of 1×1017cm-3 in the waveguide region close to optical mode does 
not cause significant impurity-induced scattering optical loss [48]. Based on our previous 
work [17, 41, 49, 50], in the case of 320nm-wide slots, we use the EO polymer resistivity (ρEO) 
value of about 108Ω·m and RF dielectric constant (εRF,EO) value of 3.2. The change in the RF 
dielectric constant of silicon (εRF,Si) due to the doping is also taken into account [51]. Then, 
effective medium approximations [52] are used for the calculation of both the effective RF 
dielectric constant (εRF,eff) and the effective resistivity (ρeff) in the region of EO polymer 
refilled silicon PCW shown in Fig. 5.1 (e) [hexagonal lattice, filling factor (volume fraction): 
f=0.444]. The effective RF dielectric constant (electric field in x-direction) in this region is 
given as [53].     
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The effective resistivity in this region is estimated as [54] 
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where, ρsi is the resistivity of un-patterned silicon.  
Figure. 5.3 (a) shows the cross-sectional view of the RF electric potential distribution 
(1VAC, 10GHz) across the doped silicon slot PCW, simulated by COMSOL 
MULTIPHYSICS, with the antenna replaced by perfect conductors. Figure. 5.3 (b) shows that 
the voltage drop (>90%) mostly occurs inside the slot. As the RF frequency (fRF) increases, 
the impedance of the slot (1/(Cω)), where C is slot capacitance and ω=2πfRF) decreases, 
and the fraction of the voltage dropped across the slot is reduced due to the finite 
resistance of the silicon PCW. For this two-level doping condition, a simulation using 
LUMERICAL DEV -long 
silicon PCW is 189 Ohms and the slot capacitance is 38.6fF, so the limiting RF frequency 
bandwidth of the device can be estimated to be 1/(2πRC)=22GHz.  
5.5 DESIGN OF BROADBAND BOWTIE ANTENNA 
 
As shown in Figs. 5.4 (a) and (b), the antenna is a conventional bowtie antenna with 
capacitive extension bars attached to the apex points of the bowtie, in order to obtain an 
extended area with a strong uniform electric field enhancement. The extension bars have a 
length of 300μm, which is the same as the length of EO polymer refilled slot PCW. The 
narrow feed gap width between the two capacitive bars is 8.4μm, for the generation of highly 
enhanced local electric field under RF illumination. The thickness of the gold film is chosen to 
be 5μm, which is far beyond the skin depth of gold at the RF frequency of operation. This 
gold antenna is designed with bow arms on silicon dioxide to avoid the impact of conductive 
silicon region. In the actual device fabricated on an SOI substrate, the top silicon region 
104 
 
everywhere apart from the PCW region is entirely etched away, as shown in Fig. 5.6 (b), 
letting the buried oxide layer be directly underneath the bow arms to fit this design. The 
silicon handle underneath the buried oxide layer is taken into account in the simulation. 
 
 
Figure 5.4: (a) Schematic top view of the designed bowtie antenna. Arm length, L=3mm, 
and flare angle, α=60o. (b) Magnified image of the feed gap region in (a). 
(c) Top view of electric field enhancement distribution inside the feed gap 
of the antenna. The electric field enhancement distribution is shown inside 
the EO polymer refilled slot at y=0.125μm, where y=0 corresponds to the 
horizontal interface between tsilicon layer and the buried oxide layer. (d) 
Field enhancement factor inside the slot versus incident RF frequency. 
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Generally, the antenna system can be considered as a typical LC circuit, which is 
mainly composed of the inductive bowtie metallic arms and capacitive bars filled with EO 
polymer, giving rise to an LC resonance determined by antenna geometry [55]. In this work, 
this resonance effect is characterized by field enhancement (FE) factor, defined as the resonant 
electric field amplitude (inside the slot) divided by the incident electric field amplitude at the 
specific observation point.  With the feed gap width and capacitive bars fixed, the resonant 
frequency of a bowtie antenna is mainly determined by the length of each bow arm and the 
flare angle [L and α in Fig. 5.4 (a)] [56]. This bowtie antenna structure together with the 
effective-medium approximated silicon RF dielectric constant and conductivity values is used 
for COMSOL MULTIPHYSICS simulation. With bow arm length L=3mm and flare angle α 
=60o, the bowtie antenna is optimized with a central resonant frequency at around 10GHz, and 
a uniform electric field enhancement over the entire feed gap is created. Figures 5.4 (b) and (c) 
show the top view of the local resonant electric field amplitude inside the antenna feed gap at 
10GHz. The electric field is mainly confined in the feed gap region, which is similar to the 
performance of a typical dipole antenna [57]. Additionally, as explained above, the electric 
field is actually concentrated inside the slot of the silcon PCW, and this increases the FE 
even further. Figure 5.4 (d) shows the FE spectrum from simulations, indicating that the 
electric field radiation compressed inside the slot of the silicon PCW is enhanced by a 
maximum factor of ~10,000 at 10GHz, with a 1-dB RF bandwidth over 9GHz. This strongly 
enhanced RF field directly modulates the optical wave propagating along the EO polymer 
refilled doped silicon slot PCW which is embedded inside the feed gap. No extra connection 
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lines between the antenna and EO modulator and no external electrical power supply are 
required [11]. 
5.6 DEVICE FABRICATION 
 
 
 
Figure 5.5:  Fabrication flow. (a) SOI wafer, (b) Silicon photonic waveguide, patterned 
by electron-beam lithography, RIE, photolithography, and RIE again, (c) 1st 
ion implantation, (d) 2nd ion implantation, followed by rapid thermal 
annealing (e) Gold bowtie antenna, patterned by seed layer deposition, 
photolithography, electroplating, and seed layer removal, (f) Spincoating of 
EO polymer (indicated by the circle area), followed by vacuum oven baking 
and EO polymer poling. 
(a) (b)
(c) (d)
(e) (f)
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The fabrication flow is briefly illustrated in Fig. 5.5. The fabrication starts with an 
SOI wafer with a 250nm-thick top silicon and a 3µm-thick buried oxide layer, as shown 
in Fig. 5.5 (a). The silicon slot PCW is fabricated using electron-beam lithography and 
reactive ion etching (RIE). Next, all of the top silicon region, except the area with the slot 
PCW, is completely removed by photolithography and RIE, as shown in Fig. 5.5 (b). 
Then, the silicon slot PCW is first implanted with P+ at an energy of 92keV and a dose of 
1.05×1012cm-2 to reach an ion concentration of 1×1017cm-3 [Fig. 5.5 (c)]. Next, the device 
is patterned by photolithography and implanted with P+ at an energy of 92keV and a dose 
of 1.05×1015cm-2 to reach an ion concentration of 1×1020cm-3 at the outer sides of the 
silicon rails which will be connected to the bowtie antenna in order to form Ohmic 
contacts [Fig. 5.5 (d)]. A rapid thermal annealing at 1000oC for 10min in a nitrogen 
environment is then performed to annihilate the induced defects and to activate the 
implanted ions, which also improves the optical performance of the ion-implanted 
waveguides [58]. Next, a 50nm-thick gold seed layer with a 5nm-thick chromium 
adhesion buffer is deposited by electron-beam evaporation, and a buffer mask for the 
bowtie antenna is patterned on a 10µm-thick AZ9260 photoresist using photolithography. 
Then, a 5µm-thick gold film is electroplated using Techni-Gold 25ES electrolyte under a 
constant current of 8mA. The AZ9260 buffer mask and gold seed layer are finally 
removed by lift-off and wet etching, as shown in Fig. 5.5 (e). SEM images of the 
fabricated device are shown in Figs. 5.6 (a)-(c). The inner sides of the extension bars of 
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the bowtie antenna are connected to the outer sides of silicon rails which are heavily 
doped for Ohmic contact between the antenna and the PCW, as shown in Fig. 5.6 (b).  
Next, the EO polymer, SEO125, is formulated and filtered. Then a small amount 
of EO polymer is spincoated onto the device and infiltrated into the holes and the slot of 
the silicon PCW region, as shown in Fig. 5.5 (f), followed by baking at 80℃ in vacuum 
oven for 12hrs. Figures. 5.6 (d) and (e) show the SEM images of the cross-sectional view 
of the slot PCW filled with EO polymer. Figures 5.6 (f) and (g) show the pictures of the 
real device prior to and after EO polymer spin coating. To align the polymer 
chromophore noncentrosymmetrically, the EO polymer is poled at a constant electric 
field of 110V/µm at the EO polymer glass transition temperature of 145℃, in which the 
bowtie antenna serves as poling electrodes. During this poling process, the monitored 
leakage current density remains below 8.8 A/m2 which is comparable to that measured in 
a thin film configuration (1-10 A/m2) [37], indicating that the 320nm-wide slot 
dramatically reduces the leakage current through the silicon/polymer interface compared 
to sub-100nm slot designs [37, 41].  
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Figure 5.6:  (a) SEM image of the fabricated device. (b) Magnified SEM image of the 
yellow rectangular region in (a) showing the slot PCW region and bowtie 
antenna overlay. (c) SEM image of the strip-to-slot mode converter for 
efficient coupling between strip waveguide and the 320nm slot PCW. Note: 
in (a)-(c) the device is not covered by EO polymer, just for better 
visualization. (d) SEM image of the cross section of the EO polymer refilled 
silicon slot PCW. PCs: photonic crystals. (e) Magnified SEM image of the 
blue rectangular area in (d). (f) Fabricated device prior to EO polymer 
spincoating. (g) Fabricated device after EO polymer spincoating 
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5.7 ELECTRO-OPTIC MODULATION TEST  
 
 
 
Figure 5.7:  Normalized transmission spectrum of the EO polymer refilled silicon slot 
PCW. The inset shows an SEM image of the fabricated silicon slot PCW. 
 
In order to test the EO polymer refilled silicon slot PCW, light from a broadband 
ampliﬁed spontaneous emission (ASE) source (Thorlabs ASE730) is coupled into and out 
of the device utilizing an in-house built grating coupler setup [44, 45]. The optical output 
signal is observed on an optical spectrum analyzer (OSA, Ando AQ6317B). Figure 5.7 
shows the measured normalized transmission spectrum of the EO polymer refilled silicon 
slot PCW. A clear band gap with more than 25dB contrast is observed, indicating 
efficient coupling into the slot PCW.  
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Figure 5.8:  The schematic of the system for EO modulation experiment. VOA: variable 
optical attenuator. MSA: microwave spectrum analyzer. 
 
 
Figure 5.9:  (a) The EO modulation response signal as measured on the MSA. (b) EO 
modulation transfer function. 
 
Next, an EO modulation experiment is performed. An MZI system is formed, 
using a 90/10 polarization maintaining fiber splitter (Thorlabs L130354603), a 50/50 
polarization maintaining fiber combiner (Thorlabs L110313487) and a variable optical 
attenuator (VOA, Thorlabs VOA50PM-FC), as shown in Fig. 5.8. A low-frequency 
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modulation test is performed here to verify the functionality of this MZI system.  
A tunable laser source (Santec ECL200) is used to provide TE-polarized optical 
input. The optical wavelength is tuned to 1556nm which is within the low-dispersion 
region of the band-engineered PCW. The laser input is split by a 90/10 splitter, in which 
90% of the optical power is coupled into and out of the sensor device through 
subwavelength grating (SWG) couplers and 10% goes to the external arm with the VOA. 
Next, the VOA is adjusted until the optical power at the output of the external arm is 
equal to that coming out of the sensor device. A 50/50 combiner is then used to combine 
the optical waves from the two arms, so that the phase modulation can be converted into 
intensity modulation at the output of this MZI system. A sinusoidal RF signal with a 
peak-to-peak voltage (Vpp) of 1V at a frequency of 100KHz is generated using a function 
generator (Agilent 33120A) and directly applied across the two arms of the bowtie 
antenna. In this case, the two arms work as lumped-element driving electrodes and 
directly modulate the optical waves propagating in the slot PCW embedded in the feed 
gap of the bowtie antenna. The modulated output optical signal is converted back to an 
electrical signal using an amplified photodetector (Thorlabs PDA10CS), whose power is 
measured on a microwave spectrum analyzer (MSA, HP 8563E), as shown in Fig. 5.9 (a). 
The measured response signal in Fig. 5.9 (a) indicates that the optical signal is modulated 
at the same frequency as the input RF signal. When the laser is switched off, this 
response signal on the MSA disappears, confirming that the signal measured by the MSA 
originates from real EO modulation instead of RF cross talk. This EO modulation 
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experiment also verfies the successful poling of the EO polymer and the functionality of 
the MZI system, which is then used in the sensing experiment in Section IV (D).  
Another small signal modulation test further demonstrates the validity of the EO 
modulation, in which an integrated MZI modulator device is fabricated on a chip, with 
the same EO polymer refilled PCW on both arms [37]. The modulator is driven by a 
sinusoidal RF signal with Vpp <1V at 100KHz. The modulation transfer function is 
measured by a logic analyzer (HP 1660ES) and shown in Fig. 5.9 (b). In addition, high-
frequency modulation was demonstrated in section 4.5 in Chapter 4. 
5.8 WIDE BAND ELECTROMAGNETIC WAVE SENSING TEST WITH ULTRA-SENSITIVITY 
 
 
 
Figure 5.10: Measured transmission signal of the broadband bowtie antenna. The inset 
shows a top-view microscope image of the fabricated device. 
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In order to demonstrate the broadband characteristics of the fabricated bowtie 
antenna, a network analyzer (HP 8510C) is used to measure the S11 parameter (reflection 
coefficient) of the bowtie antenna. A ground-signal (GS) microprobe (Cascade Microtech 
ACP40GS500) is used to couple RF power from the network analyzer into the bowtie 
antenna, and the S11 parameter over a broad frequency range from 1-16GHz is recorded. 
Assuming negligible loss, the transmission factor can be inferred from the S11 
measurements, as shown in Fig. 5.10, from which a broadband response can be clearly 
seen. The maximum response occurs at 10GHz, which agrees well with the simulated 
maximum field enhancement at 10GHz in Fig. 5.4 (d). Considering the reciprocity of the 
bowtie antenna, this result indicates that our sensor can be used to receive the 
electromagnetic field over a broad frequency bandwidth in the GHz regime.  
 
 
Figure 5.11: The schematic of the system setup for electromagnetic field sensing 
experiment. VOA: variable optical attenuator. MSA: microwave spectrum 
analyzer. 
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Figure 5.12: The measured sensing signal at 8.4GHz as a function of the electromagnetic 
power density at the position of sensor device. 
 
The schematic of the experimental system setup for the electromagnetic field 
sensing is shown in Fig. 5.11. A sweep oscillator (8620C HP, 2-8.4GHz) is used as a 
high-frequency RF source to provide an RF signal at a frequency of 8.4GHz. This RF 
signal is applied to an X-band horn antenna with a gain of 6dB. In this case, the horn 
antenna works as a transmitting antenna to generate electromagnetic field in free space, 
and the bowtie antenna in our device works as a receiving antenna to detect the 
electromagnetic field impinging upon it. The horn antenna is placed at a distance of 30cm 
vertically over the sensor device, which is beyond the far-field distance of the horn 
antenna so that the electromagnetic waves radiating on the sensor can be treated as plane 
waves in the following experimental data analysis. To detect the modulated optical signal 
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at high frequency, a high-speed photodetector (Discovery Semiconductors, DSC40S) is 
used, and the sensing signal is measured on the MSA.  
To characterize the sensitivity of this sensor in terms of electromagnetic power 
density (or electric field magnitude), the RF power applied on the horn antenna is varied. 
The corresponding variation in the electromagnetic power density radiating to the 
position of sensor device is calculated based on Eq. 5.4 [59]. 
24
t t
avg
G P
S
R
      (5.4) 
where Savg is the average Poynting vector (electromagnetic power density, unit: mW/m
2), 
Gt=6dB is the gain of the transmitting horn antenna, Pt is the input RF power applied on 
the horn antenna, R=30cm is the distance between the horn antenna and the sensor device. 
The measured sensing signal as a function of electromagnetic power density is plotted in 
Fig. 5.12. It can be seen that the sensing signal decreases as the electromagnetic power 
density decreases. When the electromagnetic power density decreases to 8.4mW/m2 
(equivalent to the input RF power of 2dBm applied on the horn antenna) at 8.4GHz, the 
sensing signal is below the noise level. Based on Eq. 5.5, this minimum detectable 
electromagnetic power density (8.4mW/m2) is used to estimate the minimum detectable 
electric field amplitude ( E ) as 2.5V/m at 8.4GHz, considering the electromagnetic field 
has a predominantly plane-wave character within the far-field region of the horn antenna 
[60]. 
0
2 avg
r
S
E
c 
 =2.5V/m      (5.5) 
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where ε0=8.85×10-12F/m is the vacuum dielectric constant, εr≈1 is the dielectric constant 
of air, c=3×108m/s is the speed of light. Given the FE, for this incident field, the electric 
field inside the slot is about 2.5×104V/m. In addition, the measurement of the maximum 
detectable electric field is limited by the upper limit of the output power of the RF source. 
In practice, the maximum detectable electric field is expected to be very high and is 
determined by the breakdown electric field of the EO polymer material (>1×108V/m). 
Using the sensitivity defined in Refs. [61, 62], our electromagnetic field sensor has an 
ultra-high sensitivity of 0.000027V/m Hz-1/2 ever demonstrated. As a comparison, other 
photonic electromagnetic field sensors have lower sensitivity such as 0.61V/m Hz-1/2 in 
Ref. [61] and 7mV/m Hz-1/2 in Ref. [62]. The ultra-high sensitivity of our device is 
attributed to (1) slow-light enhancement by the silicon PCW, (2) large EO coefficient of 
polymer, and (3) broadband electric field enhancement provided by the bowtie antenna. 
As for the electromagnetic field frequency, our sensor has the potential to detect 
the electromagnetic field over a broad bandwidth, because the bowtie antenna has been 
demonstrated for broadband operation in GHz frequency regime in section IV (A). Our 
sensor is also promising for low-frequency electromagnetic field sensing, because an EO 
activity with ultrahigh r33 of 1190pm/V at a modulation frequency of 100kHz has been 
demonstrated using the same EO polymer refilled slot PCW in our another recent work 
[37].  
5.9 SUMMARY 
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We design, fabricate and experimentally demonstrate a compact and sensitive 
integrated photonic electromagnetic field sensor based on EO polymer refilled silicon slot 
PCW coupled with a miniaturized bowtie antenna. The bowtie antenna is used as 
receiving antenna, poling electrodes and driving electrodes. The bowtie antenna with 
doped silicon slot PCW embedded inside its feed gap is demonstrated to have broadband 
characteristics with a maximum response at 10GHz. Slow-light effects in the PCW, large 
EO coefficient polymer, as well as broadband electric field enhancement provided by the 
bowtie antenna, are utilized to enhance the EO modulation efficiency, leading to a very 
high sensitivity. The minimum detectable electromagnetic power density is demonstrated 
to be 8.4mW/m2 at 8.4GHz, corresponding to the minimum electric field amplitude of 
2.5V/m. 
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Chapter 6:  Integrated broadband bowtie antenna on transparent 
silica substrate 
 
6.1 INTRODUCTION 
 
In recent years, bowtie antennas have been a hot topic for intense theoretical and 
experimental investigation, impelled by its unique features and advantages, including 
simple planar structure, stable broadband performance, strong near-field enhancement [1-
13]. One simple configuration used to achieve broadband characteristics is a biconical 
antenna formed by two cones, and the bowtie antenna is a simplified two-dimensional 
structure using two triangular shapes separated with a small gap that resembles the shape 
of a bowtie [14, 15]. The bowtie antenna concentrates the energy and provides a good 
localization of electric field inside the feed gap, providing a strong near-field 
enhancement [16, 17], which is useful for several applications, including optical sensing 
and energy harvesting [2, 18-20]. In addition, the resonant frequency of a bowtie antenna 
can be designed and tuned by appropriately modifying and scaling the bowtie geometry, 
such as the arm length, the flare angle, and the feed gap width. This enables the bowtie 
antenna to have various applications over a wide frequency range, including extreme-
ultraviolet light generation [1], local optical absorption [2], Terahertz-wave near-field 
imaging [3], mid-infrared plasmonic antennas [4], microwave radar [5], wireless 
communications [6], and flexible RF devices [7]. 
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A modified gold bowtie antenna on lithium niobate (LiNbO3) substrate has been 
theoretically studied previously for microwave photonic applications [21]. The structure 
of this antenna is a conventional bowtie shape with extension bars attached to its apex 
points. Under RF illumination, an extended near-field area with a uniformly enhanced 
local electric field is obtained in its feed gap. Recently, such an optimized bowtie antenna 
has been integrated with an electro-optic modulator in its feed gap to form a very 
sensitive electromagnetic wave sensor [22, 23]. For the detection of electromagnetic 
waves, the interaction of the waves and the substrate materials needs to be considered. In 
this case, a low-k dielectric substrate, such as a silica substrate (dielectric constant is 
about εr=3.9), is desired to provide better microwave coupling, because the size of the 
antenna is proportional to 1/√εeff [21] and thus a low-k substrate would allow for a larger 
antenna and higher received power [23]. In addition, some electromagnetic wave 
detectors previously demonstrated on silicon-on-insulator (SOI) substrates [22, 24] suffer 
from unwanted reflection and scattering from backside silicon handle [25], while, in 
comparison, a silica substrate can avoid this issue and improve the detection sensitivity 
[26]. Furthermore, nowadays there is an emerging science and technology field focusing 
on integrated electronic and photonic devices on transparent substrates and even 
transparent devices, which not only produces ‘invisible’ circuitry but also provides 
improved device performance [27] such as improved near-field enhancement of a bowtie 
antennas on a silica substrate. These transparent devices have also been widely used in 
many different areas such as thin-film transistors [28], memories [29], displays [30], solar 
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cells [31], light emitting diodes [32], sensors [33], and so on. Therefore, a cost-effective 
transparent low-k silica substrate is used in this work.  
In order to provide a guide for further development and better optimization of this 
type of bowtie antenna on silica substrate, more detailed theoretical and experimental 
investigations on this type of bowtie antennas with different geometrical parameters are 
required. Especially, experiments need to be performed to verify the theoretical analysis. 
In this paper, we design, fabricate and experimentally characterize a modified gold 
bowtie antenna on transparent silica substrate working for X-band. We targeted around 
an operating frequency of 10.5GHz which is close to the center of X-band, and this 
optimized antenna will be used for the electromagnetic wave sensors in Ref. [22]. The 
designed bowtie antenna is miniaturized with an area smaller than 1cm2. The electric-
field enhancing capability of the bowtie antenna is investigated by numerical simulations. 
Its geometry-dependent resonant frequency is simulated, and then it is experimentally 
verified on a group of fabricated bowtie antennas on silica substrate. The radiation pattern 
of this bowtie antenna is also measured.  
6.2 DESIGN OF A BOWTIE ANTENNA WITH BROADBAND FIELD ENHANCEMENT  
 
A schematic of the modified bowtie antenna on silica substrate is shown in Fig. 6.1, 
consisting of a conventional bowtie antenna with capacitive extension bars attached to the 
apex points of the bowtie [21]. The extension bars have a length, b=300μm, a width, w=10μm 
and a feed gap, g=10μm. The thickness of the gold film is chosen to be t=5μm, which is far 
beyond the skin depth of gold at the RF frequency of operation. The thickness of silica 
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substrate is 1mm, which is not thick enough to adversely affect the broadside radiation of the 
X-band antenna. Under RF illumination, highly enhanced local electric field is generated 
inside the feed gap of this bowtie antenna. The current on the bowtie antenna surface, 
induced by incident RF field, charges the feed gap and subsequently establishes this 
strong electric field in the feed gap [34]. Generally, the antenna system can be considered as 
a typical LC circuit, which is mainly composed of the inductive bowtie metallic arms and the 
capacitive bars, giving rise to an LC resonance determined by the antenna geometry. In this 
work, this resonance effect is characterized by field enhancement factor, defined as the 
resonant electric field amplitude at a specific observation point [red dot in Figs. 6.1 (b) and (c)] 
divided by the incident electric field amplitude. With the feed gap (g=10μm) and capacitive 
bars (b=300μm, and w=10μm) fixed, the resonant frequency of a bowtie antenna is mainly 
determined by the length of each bow arm and the flare angle [l and α in Fig. 6.1 (b)] [35].  
 
 
Figure 6.1:  continued next page. 
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Figure 6.1:  (a) 3D perspective of our modified gold bowtie antenna on a transparent 
silica substrate. (b) Top view of the bowtie antenna. l: arm length; α: flare 
angle; g: feed gap; w: bar width; b: bar length. (c) Cross-sectional view of 
the bowtie antenna. t: antenna thickness. The red dot in the center of the 
feed gap at middle height indicates the observation point for the simulation 
of electric field enhancement. 
 
COMSOL Multiphysics is used to simulate this bowtie antenna model. The incident 
electric field is a normalized continuous plane wave linearly polarized along the antenna axis 
(y-direction) and impinges upon the antenna from the top. Simulation results show that, with 
the bow arm length l=5.5mm and the flare angle α =60o, the bowtie antenna has a maximum 
field enhancement around a resonant frequency of 10.5GHz, and a uniform broadband electric 
field enhancement over the entire feed gap is created. Fig. 6.2 (a) shows the simulated field 
enhancement of this bowtie (l=5.5mm, α =60o) as a function of frequency, indicating that the 
electric field radiation compressed inside the feed gap is enhanced by a maximum factor of 
~688 at 10.5GHz, with a 1-dB RF bandwidth over 9GHz. Figs. 6.2 (b) and (c) show both the 
top view and the side view of the simulated normalized local electric field amplitude at the 
resonant frequency. The polarization of the electric field is along the x direction in Figs. 6.2 (b) 
and (c). The electric field is mainly confined in the feed gap region, and the peak resonant 
frequency can be tuned by adjusting the arm length and the flare angle of the bowtie antenna. 
The simulated resonant frequencies at different arm lengths and flare angles are shown in Figs. 
6.6 (b) and (d), respectively, and will be correlated with experimental results in Section IV. 
More detailed theoretical analysis of the geometry-dependent performance of bowtie antennas 
can be found in Refs. [9, 17, 36]. 
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Figure 6.2:  (a) The simulated field enhancement spectrum for a bowtie antenna with the 
arm length of 5.5mm and the flare angle of 60o, indicating a field 
enhancement factor of ~688 at 10.5GHz and a 1-dB RF bandwidth over 
9GHz. (b) Top view of the simulated normalized electric field enhancement 
distribution at the resonant frequency. (c) Cross-sectional view of the 
simulated electric field enhancement distribution at the resonant frequency. 
 
(b)
x
y
z
SiO2
(c)
y
z
x
(a)
2 4 6 8 10 12 14 16 18 20
400
450
500
550
600
650
700
 
 
E
n
h
a
n
c
e
m
e
n
t 
fa
c
to
r
Frequency (GHz)
688
0
1-dB bandwidth = 9dB
130 
 
6.3 ANTENNA FABRICATION 
 
 
Figure 6.3:  Fabrication process. (a) A silica substrate. (b) Seed layer deposition. (c) 
Photo resist spincoating. (d) Photolithogprahy. (e) Electroplating. (f) Photo 
resist removal. (g) Seed layer removal. 
 
(a) (b)
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Two groups of bowtie antennas are fabricated on 1mm-thick silica substrates 
(Fisher Scientific 12-550C, εr=3.9) through standard CMOS manufacturing process. The 
first group of five bowtie antennas is fabricated with a fixed flare angle of 60 degrees, but 
arm lengths varying from 3.5mm to 5.5mm in steps of 0.5mm. The second group of three 
bowtie antennas has a fixed arm length of 4.5mm, but flare angles of 30 degrees, 60 
degrees and 90 degrees, respectively. A schematic process flow of fabrication is shown in 
Fig. 6.3. A 50nm-thick gold seed layer with a 5nm-thick chromium adhesion buffer is 
deposited on the silica substrate by electron-beam evaporation. A 10µm-thick AZ-9260 
photoresist is spincoated on the seed layer and baked at 90oC for 2 min and then at 110oC 
for 2min. A buffer mask for the bowtie structure is patterned by photolithography (dose: 
260mJ/cm2) and AZ400K developer (diluted 1:4). Next, a 5µm-thick gold film is 
electroplated by through-mask plating method in a neutral noncyanide electrolyte 
(Techni-Gold 25ES) under a constant current of 8mA at the temperature around 50oC. A 
platinum plated titanium mesh serves as the anode and sample is connected to the cathode. 
The solution is stirred by a magnetic stirrer to keep the concentration of the solution 
uniform. The resulting electroplating speed is 40~50nm/min depending on the feature 
size of the buffer mask. After electroplating, the buffer mask is removed using Acetone 
and then the gold seed layer is removed using wet etchant, leaving the electroplated gold 
bowtie structure on top of the transparent silica substrate. The conductivity of the 
electroplated gold film is measured to be 2.2×107S/m. Microscope images of a few 
fabricated devices are shown in Fig. 6.4.  
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Figure 6.4:  (a) A fabricated bowtie antenna on silica substrate. (b) Three bowtie 
antenna with flare angles of 30 degrees, 60 degrees and 90 degrees, 
respectively.  For all these three bowtie antennas, the arm length l=4.5mm, 
the extended bar length b=300μm, extended bar width w=10μm, and the 
feed gap g=10μm. 
 
6.4 DEMONSTRATION OF GEOMETRY DEPENDENT RESONANCE FREQUENCY 
 
First, a fabricated bowtie antenna with arm length of 5.5mm and flare angle of 60o 
is tested as a receiving antenna. RF signal at 10.5GHz from a vector network analyzer 
(HP 8510C) is applied to an X-band horn antenna which is mounted on top of the 
fabricated bowtie antenna. The horn antenna is placed sufficiently away in its far-field for 
(b)
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the assumption of quasi-plane wave to hold. The electromagnetic power that the bowtie 
antenna receives is measured by a microwave spectrum analyzer (HP 8560E) via a 
ground-signal (GS) microprobe (Cascade Microtech ACP40GS500) which contacts the 
bow arms of the bowtie. Figure. 6.5 shows the received power of the bowtie antenna. The 
power response is about 30dB above the noise floor at 10.5GHz. This simple test 
demonstrates the functionality of the fabricated bowtie antenna. Due to the reciprocity, 
the bowtie antenna should also work well as a transmitting antenna, which will be 
demonstrated in the next test.  
  
  
Figure 6.5:  Measured response power of the bowtie antenna as a receiving antenna at 
10.5GHz. 
 
Next, in order to demonstrate the broadband characteristics of the fabricated 
bowtie antenna and to investigate the dependence of resonant frequency on the bowtie 
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geometry, the two groups of bowtie antennas are tested as transmitting antennas. The 
vector network analyzer is used to measure the S11 parameter (reflection signal) of these 
antennas over a broad frequency range of 1-20GHz via the GS microprobe. Assuming 
negligible loss, the normalized transmission signal can be inferred from the S11 
measurements, as shown in Figs. 6.6 (b) and (d), from which a broadband response can 
be clearly seen. The measured transmission signals of the first group of bowtie antennas 
are shown in Fig. 6.6 (a). The measured resonant frequency as a function of arm lengths 
is extracted from the figure, and then correlated with the simulated resonant frequency, as 
shown in Fig. 6.6 (b). Similarly, the measured resonant frequency as a function of flare 
angles is extracted from the measured transmission signals of the second group of bowtie 
antennas in Fig. 6.6 (c), and then correlated with simulated resonant frequency in Fig. 6.6 
(d). For longer bowtie arm or larger flare angle, the current flows through longer path to 
the gap, so the effective antenna size is increased, leading to longer resonant RF 
wavelength, which corresponds to lower resonant frequency. The trend in measurement 
results agree with the simulations. It can be seen that there are still some deviations 
between the measured and simulated resonant frequencies. This could be due to several 
reasons, such as the difference of the dielectric constant of an actual silica substrate and 
that assumed in simulations, and slight variations of size and shape of fabricated bowtie 
antenna from idealized model due to fabrication error. 
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Figure 6.6:  (a) Measured normalized transmission spectrum of bowtie antennas with 
different arm lengths. (b) Correlation of measured resonant frequency with 
simulated resonant frequency at different arm lengths. In (a) and (b), flare 
angles are fixed at 60 degrees. (c) Measured normalized transmission 
spectrum of bowtie antennas with different flare angles. (d) Correlation of 
measured resonant frequency with simulated resonant frequency at different 
flare angles. In (a) and (b), arm lengths are fixed at 4.5mm. 
 
6.5 MEASUREMENT OF FAR-FIELD RADIATION PATTERN 
 
In addition, the far field radiation pattern is measured. The bowtie antenna with 
arm length of 5.5mm and flare angle of 60 degrees is used in this test. The bowtie 
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antenna is mounted on a rotational stage and is rotated along the x axis in Fig. 6.1. RF 
signal from the vector network analyzer is coupled into the bowtie antenna through a GS 
microprobe. The frequency of this RF signal is set to 10.5GHz which is the resonant 
frequency of the bowtie antenna. A horn antenna is placed 2m away as a receiving 
antenna in the far field region. The received power is amplified by an RF amplifier and 
then measured by a microwave spectrum analyzer. The normalized measured power as a 
function of rotation angle is shown as a blue curve in Fig. 6.7. Simulated radiation pattern 
(red curve) is also overlaid in the figure, showing a good match between simulation and 
experimental results. This measured radiation pattern indicates dipole-type characteristics 
of our bowtie antenna. The half power beam width is measured to be about 90 degrees. 
This wide beam width is good for the antenna to detect electromagnetic waves coming 
from a large range of incident angles. 
 
 
Figure 6.7:  Measured far field radiation pattern (blue) of the bowtie antenna at a 
frequency of 10.5GHz. Simulated radiation pattern is also overlaid (red). 
-180 -120 -60 0 60 120 180
-20
-15
-10
-5
0
Far-field radiation pattern
Angle (degree)
N
o
rm
a
li
z
e
d
 p
o
w
e
r 
(d
B
)
Simulated data
Measured data
137 
 
6.6 SUMMARY 
 
In summary, we design, fabricate and experimentally demonstrate an integrated 
broadband bowtie antenna on transparent silica substrate. The bowtie antenna is 
optimized to cover a broad frequency bandwidth. Numerical simulation shows that, with 
the arm length of 5.5mm and the flare angle of 60o, the electric field inside the bowtie 
feed gap can be enhanced by as high as 688 times at 10.5GHz compared to the incident 
electric field, with a 1-dB RF bandwidth over 9GHz. The dependency of resonant 
frequency on bowtie geometry, such as arm length and flare angle is numerically 
computed and experimentally verified. In addition, the radiation pattern of the bowtie 
antenna is measured, showing a large angular beam width similar to a typical dipole 
antenna. The bowtie antenna has compact size smaller than 1cm2. This bowtie antenna 
has potential applications in photonic detection of free-space electromagnetic waves [37-
39], RF photonic links and devices [40] complex electromagnetic structures [41], ground 
penetrating radar [5], THz wave detection [42], plasmonic sensing [43], nano-antenna 
arrays [8], quantum emitter [44], optical antennas [45], and even light trapping for 
photovoltaics [46-48]. In addition, from fabrication point of view, solid bowtie antennas 
[49] or contour bowtie antennas [7] can be fabricated by inkjet printing techniques, which 
is compatible with roll-to-roll manufacturing processes [50]. These bowtie antennas can 
also be fabricated on flexible substrates [7, 51-53]. In addition, the gold material can be 
replaced by ITO or graphene, together with the transparent feature of silica substrate, to 
potentially enable some ‘invisible’ integrated electronic and photonic devices [27]. 
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Furthermore, some bowtie antenna integrated devices previously demonstrated on SOI 
substrates [22] can be transferred as silicon nanomembranes onto silica substrates [54] or 
directly fabricated on silicon-on-glass substrates [55] to avoid impacts from backside 
silicon handles and to enhance their device performance. 
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Chapter 7:  Improved performance of linearized traveling wave 
directional coupler polymer modulator * 
 
7.1 INTRODUCTION 
 
Analog optical links [1] have been used or have the potential to be used in many 
fields, due to the intrinsically large bandwidth of optics and the low loss in optical 
fibers. One of the widespread commercial applications of analog optical links is the 
distribution of cable television (CATV) signals [2]. Other useful applications of analog 
optical links include optical true-time delay modules in phased array antennas [3], analog 
signal generating and processing [4], RF photonics sensors [5], etc. The optical modulator 
employed in intensity-modulation/direct-detection (IMDD) optical link applications is an 
intensity modulator with high-speed capability. These optical modulators in analog 
optical links are required to have high modulation efficiency, good linearity and large 
bandwidth. Existing commercial LiNbO3 MZI modulators have intrinsic drawbacks in 
linearity to support high fidelity communication. When multiple tones of signals (f1 and 
f2) are simultaneously carried over a link, nonlinear intermodulation distortion signals 
are generated. The third-order intermodulation distortions (IMD3), which are the 
byproducts of the interaction between fundamental frequencies and harmonics and occur 
at (2f1- f2) and (2f2- f1), are considered as the most troublesome among all the nonlinear 
distortions because they usually fall within the usable bandwidth of the system. The 
                                                 
*  Citation: X. Zhang, B. Lee, C.-y. Lin, A. X. Wang, A. Hosseini, and R. T. Chen, "Highly Linear 
Broadband Optical Modulator Based on Electro-Optic Polymer," Photonics Journal, IEEE, vol. 4, pp. 2214-
2228, 2012. 
X. Zhang mainly worked on the simulation, fabrication and characterization, and serves as the first 
author of the paper. Other coauthors also contributed to the work from simulation, material processing, 
characterization, discussion, or paper preparation. 
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spurious free dynamic range (SFDR) is defined as the dynamic range between the 
smallest signal that can be detected in a system and the largest signal that can be 
introduced into the system without creating detectable distortions in the bandwidth of 
concern [6]. The SFDR of high frequency analog optical links is limited by the system 
noise and the nonlinearity of modulation process. Bias-free Y-fed directional coupler 
(YFDC) modulators have been shown to provide better linear transfer functions 
compared to the sine-squared transfer curve of conventional MZI modulators [7, 8]. The 
device linearity can be further enhanced when the YFDC modulators are incorporated 
with the Δβ-reversal technique to suppress IMD3s [7, 9-12]. We previously 
demonstrated a polymer based 2-domain YFDC modulator with Δβ-reversal at low 
modulation frequencies as a proof of concept [as shown in Fig. 26 (a), using a lumped 
element electrode], where we achieved an SFDR of 119dB/Hz2/3 with 11dB 
enhancement over the conventional MZI modulator [11].  
In addition to the requirement of high linearity, the bandwidth is another 
important factor in evaluating the performance of a modulator. The first demonstration of 
optical modulation at GHz frequencies was done on a traveling wave electro-optic (EO) 
LiNibO3 modulator in 1970s [13, 14]. A traveling wave modulator based on an EO 
polymer operating in the GHz frequency regime was demonstrated in 1992 [15]. Later on, 
a polymeric modulator operating over 100GHz was verified by groups at UCLA and 
USC [16]. Up until today the highest frequency that the polymer modulator can work at 
was demonstrated to be as high as 200GHz by Bell Laboratories [17]. Polymer EO 
modulators can offer several advantages over the mature LiNibO3 modulators due to the 
special properties of polymer materials as below [18-20]. Excellent velocity matching 
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between microwaves and optical waves can be achieved due to a close match between the 
refractive index of polymers at microwave and optical frequencies, enabling ultra-broad 
bandwidth operation. The intrinsic relatively low dielectric constant of polymers (2.5-4) 
also enables 50-ohm driving electrodes to be easily achieved. Polymers also have very 
large EO coefficients, 
33 , which is advantageous for sub-volt half-wave switching 
voltage (V ) [21-23]. For example, CDL1/PMMA, an EO polymer with 33 =60pm/V, 
was used to achieve V =0.8V [21]. Another EO polymer with a very large 33 =306pm/V 
was developed through controlled molecular self-assembly and lattice hardening [24]. In 
comparison, the EO coefficient of LiNibO3 is only about 30pm/V. In addition, the 
refractive index of polymers (1.6-1.7) is nearly matched to that of glass optical fibers 
(1.5-1.6), enabling small Fresnel reflection loss at interfaces in butt-coupling. Polymers 
can be highly transparent, and the absorption loss can be below 0.1dB/cm at all key 
communication wavelengths [19]. And also, polymers are spin-on films so they can be 
easily spincoated onto any substrate. Recently, EO modulations on extremely small 
geometrical footprints have been demonstrated by infiltrating EO polymer into slot 
waveguides [25] or slotted photonic crystal waveguides [26]. So far, the largest effective 
in-device 
33 =735pm/V and the smallest V L =0.44V•mm have been demonstrated by 
our group using EO polymer infiltrated silicon slotted photonic crystal waveguides [27]. 
Furthermore, compared to the difficult implementation of the domain inversion technique 
on LiNibO3 [28], ∆β-reversal can be easily achieved by domain-inversion poling on EO 
polymers. Based on the above advantages of polymer materials, EO polymer modulators 
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have shown great potentials for a variety of applications, such as telecommunication, 
analog-to-digital conversion, phased-array radar, and electrical-to-optical signal 
transduction. Now polymer based modulators with high reliability have been 
commercially available [29]. 
In this chapter, we demonstrate an EO polymer based traveling wave directional 
coupler modulator with  -reversal to extend the high linearity performance to the GHz 
frequency regime. A traveling wave electrode with a unique design for RF microprobe 
coupling is fabricated with low microwave loss, characteristic impedance matching with 
50Ω, and velocity matching between microwaves and optical waves, as well as smooth 
electric field profile transformation. The bandwidth-length product of 302GHz·cm and 
the 3-dB bandwidth of 10GHz are achieved. The SFDR of 110±3dB/Hz2/3 is measured 
over the modulation frequency of 2-8GHz. In addition, a 1×2 multi-mode interference 
(MMI) 3dB-splitter, a photobeached refractive index taper and a quasi-vertical taper, as 
well as a smooth silver ground electrode, are used to reduce the optical insertion loss of 
the device. 
7.2 DESIGN OF POLYMERIC OPTICAL WAVEGUIDE DESIGN 
 
Fig. 7.1 (a) shows the schematic top view of our traveling wave MMI-fed 
directional coupler modulator. The cross section of the optical waveguides consisting of 
three layers of fluorinated polymers (bottom cladding: UV-15LV, core: AJ-CKL1/APC 
with γ33=80pm/V, and top cladding: UFC-170A) is shown in Figs. 7.1 (b) and (c). Unlike 
the sine-squared transfer curve of the conventional MZ structure, a proper design of 
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coupling length of directional coupler can provide a linear transfer function [30-34]. The 
linearity of the directional coupler can be further improved by applying  -reversal 
technique to suppress IMD3s [7, 9-11]. Multiple-domain-inversion, which helps increase 
the linearity of directional coupler modulator, has been demonstrated by our group [12]. 
Considering the fabrication and poling complexity, in this paper we use a 2-domain-
inversion directional coupler for demonstration. The directional coupler is divided into 
two domains, where EO polymer in the first domain is poled in the opposite direction 
with respect to that in the second domain. The push-pull configuration is also applied, in 
which the two arms of the directional coupler in each domain are poled in opposite 
directions, to double the EO effect. Finally, a single uniform modulation electric field 
applied by a traveling wave electrode can create  -reversal which is indicated by the 
dashed lines in Fig. 7.1 (a). 
 
 
Figure 7.1:  (a) The schematic top view of the traveling wave MMI-fed directional 
coupler modulator with 2-domain-inversion. The red and green dashed lines 
indicate the area of EO polymer poled in opposite directions. (b) Cross 
section corresponding to A-A′ in (a), overlaid the optical mode profile in 
one arm. (c) Cross section corresponding to B-B′ in (a). (S: signal electrode, 
G: ground electrode). 
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The IMD3 suppression of a directional coupler modulator is a sensitive function 
of the normalized interaction length (
iS ), defined as the ratio of the interaction length ( iL ) 
of ith section to the coupling length (
cl ). Relative IMD3 suppression of a 2-domain 
directional coupler modulator can be graphically represented by plotting the calculated 
IMD3 suppressions on (
1S , 2S ) plane [35]. 1S = 2S =2.86 provides excellent linearity as well 
as very high modulation depth [12] and is chosen for demonstration in this paper. For a 
directional coupler with the total interaction length (
1L + 2L ) of 2cm, its coupling length for 
TM mode should be 3496µm. This coupling length is matched by tuning the parameters 
of the trench waveguide, such as the core thickness and trench depth, using numerical 
methods [36]. The thickness of cladding is chosen to be 3.5µm and 3µm at the bottom 
and top, respectively, considering both the requirement of low driving and poling voltage 
and the prevention of optical absorption by metallic electrodes. The final cross section 
dimensions are shown in Fig. 7.1 (b). Based on fabrication experiences and actual 
measurements, the actual bottom width of a 420nm-deep trench fabricated by reactive ion 
etching (RIE) is about 4µm while the top width is still 5µm as designed. However, the 
calculation results show that the resulting coupling length deviation is only 0.55%, which 
can be explained by the fact that most of the optical power is distributed in the core layer, 
as shown in Fig. 7.1 (b), and that the field profile interaction happens at the top side of 
the two trenches which is un-affected. 
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Figure 7.2:  (a) The top view of a 1×2 MMI 3-dB coupler, and the optical power 
distribution in this MMI coupler. (b) A blunt tip of a fabricated Y-junction 
due to fabrication limitations, compared to a fabricated MMI coupler shown 
in the inset. 
 
A 1×2 MMI 3-dB coupler is designed to equally split the input optical power 
among two waveguides of a directional coupler as shown in Fig. 7.2 (a). The symmetric 
waveguide structure of the MMI-fed directional coupler is intrinsically bias-free; and the 
modulation is automatically set at 3-dB operation point regardless of the ambient 
temperature. The dimensions of MMI coupler and the optical power distribution in it are 
shown in Figs. 7.2 (a) and (b). The total power transmission of this MMI coupler is 
numerically calculated using eigenmode expansion method [37] to be as high as 94%. 
15 µm
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This MMI coupler has a large fabrication tolerance and is insensitive to the 
photolithography resolution. In comparison, as for previously used Y-junction [7], in 
practice the fabrication limitations in photolithography and etch resolutions usually lead 
to a blunt tip under a certain distance between the two waveguides (Fig. 7.2 (b)) and 
violates the adiabatic requirement, resulting in extra optical loss [38]. In addition, 
compared with the previous 1000µm-long Y-junction [11], the MMI coupler is only 
176.6µm-long and is beneficial to decrease the device length. The inset of Fig. 7.2 (b) 
shows a microscope image of a fabricated MMI coupler compared with a traditionally 
used Y-junction.  
A polymer trench waveguide is designed to support only a single mode. As shown 
in Fig. 7.3 (a), the TM mode profile of the designed polymer waveguide is calculated 
using finite element method [39], with the corresponding optical effective index of 1.599 
at 1550nm. Figure. 7.3 (a) also shows the mode profiles of three single mode fibers with 
different mode field diameters (MFD). It can be seen that the mode profile of the polymer 
waveguide is in an elliptical geometry, with its major axis of about 7μm and minor axis 
of about 2.5μm, but that the mode profile of the normally used single mode fibers (e.g. 
SM980-5.8-125, Thorlabs) is in a circular geometry with MFD of 10.4μm. This mode 
size mismatch can lead to large optical loss in butt-couplings. To reduce such coupling 
loss, single mode fibers with MFD of 6.4μm (e.g. SM1500G80, Thorlabs) or lens fibers 
with MFD of 2.5μm (e.g. TSMJ-3U-1550-9/125-0.25-7-2.5-14-2, OZ Optics) can be used 
as replacements at the input/output (I/O) sides. The power-coupling loss using these three 
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fibers are calculated by considering the overlap integral of mode profiles as well as 
Fresnel reflection loss at interfaces [40, 41]. Figure. 7.3 (b) shows the three-dimensional 
perspective of the coupling loss as a function of the spatial misalignment in x and y 
directions for these three fibers. To see a clear comparison of these three fibers, a two-
dimensional plot of the same data is shown in Fig. 7.3 (c). It can be seen that the lowest 
coupling loss, 1.7dB/facet, can be achieved using lens fibers but that there are very large 
variations versus misalignment along both x and y directions. It can be noticed that, using 
lens fibers, the coupling efficiency is more sensitive to the misalignment in y direction 
than that in x direction. Using single mode fibers with MFD of 6.4μm, a larger alignment 
tolerance can be achieved, while the peak coupling loss is 2.0dB/facet which is just a 
little higher than that of the lens fibers. Normally used single mode fibers with MFD of 
10.5μm can provide the lowest misalignment sensitivity but the highest coupling loss 
which is up to 4.1dB/fact. Therefore, considering both coupling loss and misalignment 
tolerance, a single mode fiber with MFD of 6.4μm is finally chosen for our experiment. 
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Figure 7.3:  (a) Optical mode profile in a polymer waveguide, compared with the optical 
mode profiles in I/O fibers with MFD of 10.4µm, 6.4µm and 2.5µm. (b) The 
3D perspective of the calculated coupling loss versus the misalignment in x 
and y direction, for using three different I/O fibers. (c) The 2D plot of the 
calculated coupling loss versus the misalignment in x and y direction. Red 
curves, green curves and blue curves represent the coupling loss using a 
fiber with MFD of 10.4µm, 6.4µm and 2.5µm, respectively, and solid 
curves and dashed curves represent the coupling loss versus the 
misalignment in x and y directions, respectively. 
 
 
MFD=10.4 MFD=64 MFD=2.5
Fiber modeWaveguide mode
x
y
(a)
(b)
MFD = 10.4um
MFD = 6.4um
MFD = 2.5um
MFD = 10.4um
MFD = 6.4um
MFD = 2.5um
X offset (Y offset = 0)
Y offset (X offset = 0)
(c)
-3 -2 -1 0 1 2 3
0
5
10
15
Coupling loss v.s. X & Y offset
X offset (um)
C
o
u
p
lin
g
 l
o
s
s
 (
d
B
)
-4
-2
0
2
4
-4
-2
0
2
4
0
5
10
15
X offset (um)
Coupling loss v.s. X offset and Y offset (MFD=10.4um)
Y offset (um)
C
o
u
p
lin
g
 l
o
s
s
 (
d
B
)
-4
-2
0
2
4
-4
-2
0
2
4
0
5
10
15
X offset (um)
Coupling loss v.s. X offset and Y offset (MFD=6.4um)
Y offset (um)
C
o
u
p
lin
g
 l
o
s
s
 (
d
B
)
-4
-2
0
2
4
-4
-2
0
2
4
0
10
20
30
X offset (um)
Coupling loss v.s. X offset and Y offset (MFD=2.5um)
Y offset (um)
C
o
u
p
lin
g
 l
o
s
s
 (
d
B
)
153 
 
 
Another way to reduce the optical coupling loss due to mode size mismatch is to 
design a taper structure. Here, refractive index tapers are designed at the passive regions 
of the waveguides so that the optical mode profile at the I/O ends of the polymer 
waveguide can better match that of the I/O optical fibers. The working mechanism is 
shown in Fig. 7.4 (a). Refractive index variation of EO polymer core at the passive 
regions of the waveguide is created by UV photobleaching method, using a gray-scale 
photomask or discrete step mask-shifting scheme [42]. This refractive index variation 
leads to the gradual change of optical mode size along the taper, so that the waveguide 
modes at the facets are large enough to match that of I/O fibers. In addition, to minimize 
the severe mode size mismatch in vertical direction that can be seen in Fig. 7.3 (a), a 
quasi-vertical taper structure [43] is designed as shown in Fig. 7.4 (b). It can be fabricated 
by standard photolithography and RIE twice. After a trench is etched on the bottom 
cladding polymer, a V-shape groove is etched again into the trench near the I/O facets. 
This structure works as an optical mode transformer. Because the trenches are deeper at 
the facets than in the active regions of waveguide, the waveguide mode size in vertical 
direction becomes larger at the facets and can better match the I/O fiber mode. Numerical 
calculations using beam propagation method [44] show that the combination of these two 
tapers can significantly reduce the optical coupling loss by 3dB/facet. 
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Figure 7.4:  (a) Refractive index tapers at the passive regions of the MMI-fed directional 
coupler. The index variation of the photobleached EO polymer in the core 
layer leads to the gradual change of optical mode size along the taper. (b) A 
quasi-vertical taper at one facet of polymer waveguide used for mode profile 
transformation in vertical direction. The red arrows indicate the beam 
propagation direction. 
 
Other than the coupling loss, the roughness of polymer waveguide sidewalls 
usually causes large scattering loss when light propagates in the waveguide. Thus, silver 
is selected as the ground electrode material and its smooth surface helps reduce 
waveguide sidewall roughness originating from the scattering of UV light in 
z
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photolithography. Compared to other metals, silver is also beneficial to suppress the 
microwave conductor loss owing to its very low resistivity.  
7.3 TRAVELING WAVE ELECTRODE DESIGN 
 
 
Figure 7.5:  (a) The schematic cross section of a microstrip line overlaid the contour of 
the normalized electric potential. The red arrows indicate the direction of 
electric field. (b) The characteristic impedance of the microstrip line over 
the frequency range 1-200GHz. The solid red curve indicates the 
characteristic impedance and the dashed blue line indicates the 50Ω. (c) The 
microwave effective index of the microstrip line over the frequency range 1-
200GHz. The solid red curve indicates the microwave effective index and 
the dashed blue line indicates the optical effective index of 1.599. 
 
To extend the highly linear modulation to GHz frequency regime, a traveling 
wave electrode is necessary. Some basic requirements for the design of a high-speed 
traveling wave electrode are [45]: (i) impedance matching between the microwave guides 
and external electrical connectors, (ii) velocity matching between the microwave and 
optical signals, and (iii) low electrical loss in the microwave guides. In addition to the 
above requirements, when designing a transition between different types of microwave 
guides, electric field matching [46, 47] should also be a concern in order to reduce the 
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microwave coupling loss [47]. In our device structure, polymer is considering the 
alignment of modulation field with the direction of the 
33  in the poled EO polymer 
film, which is in vertical direction in our device configuration; therefore, a microstrip 
line is a natural choice for the best alignment. Figure. 7.5 (a) shows the schematic cross 
section of the designed gold microstrip line overlaid the contour of the normalized 
electric potential calculated by finite element method [33]. It can be seen that both arms 
of the directional coupler waveguide are under the effect of a uniform modulation field 
between the microstrip line and the ground electrode and hence the overlap integral 
between the optical mode and the RF modulation field can be maximized. In quasi-static 
analysis, the characteristic impedance
0Z and the microwave effective index mn  of a 
transmission line can be expressed as [45, 48] 
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where aC is the capacitance per unit length of the electrode structure with the dielectrics 
replaced by air, C  is the capacitance per unit length with the dielectrics present, and c  
is the speed of light in vacuum. The frequency-dependent characteristic impedance and 
microwave effective index can be numerically calculated using finite element method [49] 
to match 50Ω and optical effective index of 1.599, respectively. Conductor loss and 
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dielectric loss are considered in the calculation so that the results are accurate enough and 
close to the real case. Given the relative dielectric constant 
r =3.2, the gap between top 
and bottom electrodes h =8.3µm and the microstrip thickness t =5µm from the 
waveguide dimensions and the fabrication conditions, the characteristic impedance of 
50Ω can be matched when the microstrip width w=17µm. As shown in Fig. 7.5 (b) and 
(c), over the frequency range 1-200GHz, the characteristic impedance varies within 49-
54.5Ω and the microwave effective index varies within 1.54-1.7. It can be noticed from 
Fig. 7.5 (b) that the characteristic impedance at low frequencies is relatively higher than 
that at high frequencies. This is because the internal inductance of the microstrip line 
decreases with frequency and becomes negligible when skin effect kicks in. Based on 
fabrication experience and actual measurements, the electroplated gold microstirp line 
does not have a perfect vertical sidewall but a wall angle of 84o; however, the variation of 
0Z and mn due to this wall angle are calculated to be within 1Ω and 0.005, respectively, 
which can be negligible. The bandwidth-length product due to the velocity mismatch can 
be calculated as [13, 45, 50, 51] 
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where f  is the modulation frequency, L  is the interaction length, c  is the speed of 
light in vacuum,
mn  is the microwave effective index of the microstrip line, and on  is the 
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optical effective refractive index of polymer waveguide. Using Equation 3, the 
bandwidth-length product can be theoretically calculated to be up to 306GHz·cm, 
corresponding to a modulation frequency limit of 153GHz for a 2cm-long microstrip line.  
 
 
Figure 7.6:  (a) The schematic of a smooth transformation of electric field profile in the 
CPW-to-microstrip transition at the input end of traveling wave electrode. 
The corresponding distribution of electric field and electric potential along 
this transition taper is calculated with finite element method. (b) The top 
view of the quasi-CPW taper, matching the size of a microprobe. The 
characteristic impedance (at 10GHz) is matched with 50Ω along the 
transition direction. 
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To couple the RF power from a GSG microprobe (e.g. ACP40-GSG-250, Cascade 
Microtech, probe tip width: 50µm, pitch: 500µm, as shown in Fig. 7.6 (b)) into the 
17µm-wide microstrip line with minimum coupling loss, a 1.1mm-long quasi-coplanar 
waveguide (CPW) taper is designed at input end, as shown in Fig. 7.6 (b) . The top width 
and gap of the coplanar waveguide (w and g in Fig. 7.6 (a)) are gradually changed along 
the taper to match the dimension of a RF microprobe. In the transition between the CPW 
and the microstrip line, the electric field profiles of these two microwave guides should 
be matched to reduce microwave coupling loss. Therefore, unlike the conventional CPW, 
the ground electrode under the taper is partially removed and the bottom gap [g  ´in Fig. 
7.6 (a)] is gradually tuned along the taper based on ground shaping technique [46, 47], so 
that there is a smooth transformation of electric field profile in the CPW-to-microstrip 
transition [33] while the 50Ω is matched at all points along the transition direction [43], 
as shown in Fig. 7.6. At the output end, a similar microstrip-to-CPW transition taper is 
designed to couple the RF power from the microstrip line to another GSG microprobe 
[Fig. 7.1 (a)]. What is more, for the design to be valid, the resistivity of silicon substrate 
should be sufficiently high (typical l kΩ·cm or higher). Otherwise, the finite conductivity 
of silicon substrate allows the formation of microstrip mode between the signal electrode 
and silicon substrate, and this microstrip mode would become dominant at wide part of 
the taper and hinder 50Ω matching. Therefore, an intrinsic silicon wafer with ultra-high 
resistivity (6-10kΩ•cm) should be used as the substrate of our device. 
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7.4 DEVICE FABRICATION 
 
Figure 7.7:  Fabrication process flow. (a) An ultra-high resistivity silicon wafer. (b) 
Ground electrode deposition and patterning. (c) Bottom cladding deposition. 
(d) Waveguide patterning. (e) EO polymer deposition. (f) Top cladding 
deposition. (g) Poling electrode deposition and patterning. (h) Protection 
layer deposition and patterning. (i) Poling. (j) Removal of protection layer 
and poling electrode. (k) Seed layer deposition. (l) Buffer mask deposition 
and patterning. (m) Traveling wave electrode electroplating. (n) Buffer mask 
removal. (o) Seed layer removal and vias drilling. 
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Figure. 7.7 illustrates the fabrication process flow. The device is fabricated on an 
ultra-high resistivity silicon wafer. A 1µm-thick silver film is deposited by electron-beam 
evaporation and then patterned using lift-off process, to serve as the ground electrode for 
poling process as well as for RF transmission. A polymer trench waveguide is fabricated 
by spincoating, photolithography and RIE, in which the EO polymer is formulated by 
doping 25wt% of AJ-CKL1chromophore into amorphous polycarbonate (APC). 150nm-
thick gold poling electrodes are deposited by electron-beam evaporation and patterned by 
lift-off process. 300nm-thick silicon dioxide is deposited by electron-beam evaporation to 
cover the entire surface of the device as a protection layer. Then contact windows are 
opened on the silicon dioxide using photolithography and wet etching method, so that the 
electrodes can be exposed to the probe needles in the following poling process. 
 
 
Figure 7.8:  (a) The cross section of poling electrodes above the polymer waveguide 
overlaid the electric potential distribution in push-pull poling configuration. 
(b) The schematic of push-pull, 2-domain-inversion, alternating-pulse 
poling. (c) The temperature dependence of leakage current during poling. 
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Poling is the most important step throughout the entire process since the EO 
coefficient of a device is determined by poling efficiency [52, 53]. Among several 
developed poling techniques [54-58], we employ thermally-assisted electric-field contact-
poling [59] in this work. In the push-pull configuration, two adjacent poling electrodes 
above the two arms of directional coupler have opposite polarities and thus the electric 
field formed between electrodes is very strong, as shown in Fig. 7.8 (a). Given the 
electrode separation of 5µm, the polymer waveguide thickness of 8.3µm and the poling 
electric field of typically ±100V/µm applied vertically across the polymer waveguide, the 
maximum electric field between two adjacent electrodes is calculated to be over 
300V/µm [33]. This increases the probability of dielectric breakdown which can easily 
damage the device. To prevent this, the deposited thick silicon dioxide serves as a 
protection layer, as shown in Fig. 7.8 (a), due to its good insolating property and high 
dielectric strength (up to 1000V/µm). Experimental tests show that the poling electric 
field up to 150V/µm can be applied on our device structure at the glass transition 
temperature (Tg=140
oC) of EO polymer without dielectric breakdown. This can 
significantly increase the poling efficiency. In addition, alternating-pulse poling 
technique [60, 61] is used to further prevent dielectric breakdown. As shown in Fig. 7.8 
(b), the positive and negative voltage sources are controlled by dual pulse with π-phase 
shift from a dual-function generator, so that two opposite polarities are not applied at the 
same time. Four diodes are used as clampers. Based on testing experience, the frequency 
of the alternating pulses should be set to be 1-10Hz to avoid dielectric breakdown. 
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During the poling process, the temperature is controlled to increase from room 
temperature to Tg and then quickly decrease back to room temperature. Throughout the 
entire poling process, leakage current is monitored by a picoammeter. A current-limiting 
resistor and two back-to-back diodes are used in the circuit connection to protect the 
picoammeter from being damaged by any unexpected breakdown-induced high current. 
Figure. 7.8 (c) shows a leakage current curve depending on the controlled temperature 
during the poling time. 
After poling is done, the silicon dioxide layer and the poling electrodes are 
removed by wet etching method. A 50nm-thick gold seed layer with 5nm-thick 
chromium adhesion buffer is then deposited above the polymer waveguide by electron-
beam evaporation. The buffer mask for the traveling wave electrode is patterned on 
10µm-thick AZ-9260 photoresist by photolithography. A 5µm-thick gold film is 
electroplated using Techni-Gold 25ES electrolyte. A constant current of 8mA is used in 
the entire gold electroplating process. For the electroplating area of about 11cm2, the 
corresponding current density is as low as 0.73mA/cm2 which enables a uniform gold 
thickness. The conductivity of the electroplated gold film is measured to be 2.2×107S/m. 
The coplanar and ground electrodes are then connected with silver epoxy through via-
holes. Finally, the device is diced and the waveguide facets are polished.  
 
7.5 MEASUREMENT OF BROAD BANDWIDTH 
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Figure 7.9:  (a) The measured transmission loss and return loss of the fabricated 
traveling wave electrode over the frequency range 1-26GHz (left side), 
almost matching the theoretical calculations (right side). (b) The measured 
characteristic impedance of the fabricated traveling wave electrode is well 
centered at 50Ω on Smith Chart, indicating impedance matching. (c) The 
time domain measurement of the reflection loss, for the demonstration of 
velocity matching. 
 
The performance of the fabricated traveling wave electrode is characterized by a 
vector network analyzer (HP 8510C). Two air coplanar probes (ACP40-GSG-250, 
Cascade Microtech) are used to couple RF power into and out of the tapered quasi-
coplanar waveguides. The measured microwave loss of the traveling wave electrode over 
the frequency range 1-26GHz (upper frequency limited by equipment) is presented on the 
left side in Fig. 7.9 (a). For reference, the theoretically calculated electrode loss using 
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finite element method [43] is shown on the right side in Fig. 7.9 (a). It can be seen that 
the measured transmission loss is proportional to the square root of frequency, implying 
that the microwave loss is dominated by the conductor loss (skin effect loss) of the 
electrode [62, 63] which is measured to be 0.65±0.05dB/cm/GHz1/2. The 3-dB electrical 
bandwidth measured from transmission loss curve is 10GHz, nearly the same value as 
that from the theoretical calculation in which the actual conductor loss of the 
electroplated gold electrode has been considered. This bandwidth is limited by the 
relatively low conductivity of the poorly electroplated gold electrode and can be 
enhanced by improving the electroplating quality. The measured return loss is well below 
-20dB. This low return loss is mainly due to the excellent impedance matching as well as 
the smooth electric field transformation in the CPW-microstrip-CPW transition. It can be 
noticed that this value is still higher than the theoretical result (<-27dB), probably due to 
the fabrication imperfection. The periodic ripples in the return loss curve are attributed to 
the RF Fabry-Perot effect. It is shown in Fig. 7.9 (b) that the characteristic impedance is 
well centered at 50Ω on Smith chart, indicating impedance matching. The velocity 
matching between microwaves and optical waves is evaluated by the time domain 
measurement of the return loss, as shown in Fig. 7.9 (c). The effective relative dielectric 
constant of the microstrip line is measured to be 2.76 and the resulting index mismatch 
between microwave sand optical waves is 0.06. Then the bandwidth-length product due 
to this velocity mismatch can be calculated by Equation (3) to be 302GHz·cm, so the 
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modulation frequency limit corresponding to 2cm interaction length would be 151GHz, 
which matches the theoretical calculation result [153GHz from Fig. 7.5 (c)] pretty well.  
 
 
Figure 7.10:  (a) The schematic of testing system for small signal optical modulation 
measurement. (b) Transfer function of over-modulation with Vpp=40V at 
10kHz (wavelength=1550nm). The switching voltage is measured to be 
16.5V. (c) The frequency response of the small signal modulation measured 
at 4% modulation depth. The 3-dB bandwidth is measured to be 10GHz. 
 
The frequency response of the device is evaluated by the small signal optical 
modulation measured at 4% modulation depth. The testing system is shown in Fig. 7.10 
(a). TM-polarized light with 1550nm wavelength from a tunable laser (Santec ML-200, 
Santec Corp.) is butt-coupled into the waveguide through a single mode fiber. The 
measured optical insertion loss is 16 dB, which includes propagation loss of 9dB 
(absorption loss of 2dB/cm for AJ-CKL1 times the total device length of 3cm, scattering 
loss of 1dB/cm times 3cm), coupling loss of 6dB (3dB/fact times 2 facets), and 1 dB loss 
from the MMI splitter. This relatively high loss is attributed to the roughness of the 3-cm 
long waveguide sidewalls generated in RIE process and the roughness of input and output 
waveguide facets. To measure the switching voltage (Vπ), a testing RF signal with 
(b) (c)(a)
Vπ = 8V VPP = 20V
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Vpp=20V at 10kHz is used. The transfer function of an over-modulation test is shown in 
Fig. 7.10 (b). The switching voltage is measured to be 8V at 10kHz, which is a little high 
probably due to the low poling efficiency of EO polymer and electrode loss. For the small 
signal optical modulation, RF signal from HP 83651B is fed into the traveling wave 
electrode through a GSG microprobe. The modulated optical signal is boosted by an 
erbium doped fiber amplifier (Intelligain, Bay Spec Inc.), converted to electrical signal by 
a photodiode (DSC-R409, Discovery Semiconductors Inc.), and then measured by a 
microwave spectrum analyzer (HP 8560E). The frequency response measured at 4% 
modulation depth is presented in Fig. 7.10 (c), from which the 3-dB bandwidth of the 
device can be found to be 10GHz. This bandwidth is mainly limited by conductor loss of 
the traveling wave electrode.  
 
7.6 MEASUREMENT OF HIGH LINEARITY 
 
 
 
Figure 7.11:  (a) The schematic of system for two-tone test. (b) Input two-tone signals 
(f1and f2) centered at 1.9928 GHz with 330 kHz tone-interval. (c) Measured 
output fundamental signals. 
(b) (c)(a)
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A two-tone test is performed to evaluate the linearity of the device. The testing 
system is illustrated in Fig. 7.11 (a). HP 8620C sweep oscillator is used as the second RF 
source for the two-tone input signals. Agilent 83020A and HP8449B are used as pre- and 
post-RF amplifiers, respectively. The two input RF signals are combined by a coaxial 
two-way RF power combiner (RFLT2W1G04G, RF-Lambda). New Focus model-1014 is 
used for optical-to-electrical conversion of the modulated signal. The two-tone input 
signals and the resulting output signals are shown in Figs. 7.11 (b) and (c), respectively. 
IMD3 signals, which are supposed to appear at one tone-interval away from the 
fundamental signals if present, are not observed in Fig. 7.11 (c). A possible reason is that 
the IMD3 signals are well suppressed and buried under the noise floor at this modulation 
depth. The power level of the two-tone input signals is 12dBm as shown in Fig. 7.11 (b), 
which is the maximum level available in our two-tone test setup, and this power level 
translates into the modulation depth of 15%. The simulation result in [12] predicts the 
IMD3 suppression at 15% modulation depth to be 74dB and the corresponding 
experimental result in [11] is 69dB, which is a reasonable value considering the 
fabrication and measurement errors. Neglecting the performance degradation due to 
microwave loss and velocity mismatch, IMD3 signals would be 30dB below the noise 
floor in Fig. 7.11 (b) at 1kHz bandwidth resolution. 
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Figure 7.12:  (a) The plot of fundamental and third-order intermodulation distortion 
signals measured at 8GHz. (b) Spurious free dynamic range measured at 2-
8GHz. 
 
Since the IMD3 suppression of the fabricated device is out of the measurable 
range in our two-tone test setup, SFDR is evaluated through an indirect method. It is 
known that, with the same modulation depth for both tones, IMD3 is three times or 
9.54dB higher than the third harmonic distortion [64]. A mono-tone test is done under the 
same conditions as the two-tone test. The power level of mono-tone input signal is 
extended up to 29dBm by combining the RF source (HP 83651B) with the pre-amplifier 
(Agilent 83020A). It is found that the third harmonic distortion of our device comes in 
the detectable range at the mono-tone input signal level above 20dBm. The IMD3 signals 
are obtained by adding 9.54dB to the measured third harmonic distortion signals. The 
SFDR is measured by extrapolating the IMD3 plot to find an intercept point with the 
noise floor and then measuring the difference with the extrapolated fundamental signal as 
illustrated in Fig. 7.12 (a). Considering the relative intensity noise (RIN) of the 
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distributed feedback (DFB) laser and the shot noise of the photodiode, it is very difficult 
to achieve a noise floor below -145dBm in real analog optical links [12]. However, 
laboratory test results in most literatures are frequently presented assuming the noise 
floor at -160dBm considering the typical fiber-optic link parameters [30, 65, 66]. Using -
160dBm as noise floor, our measured SFDR is within 110±3dB/Hz2/3 over the 
modulation frequency range 2-8GHz as shown in Fig. 7.12 (b). The low end frequency is 
determined by the operation range (2-26.5GHz) of the pre-amplifier (Agilent 83020A) 
and the high end is limited to 8GHz because the third harmonic of the modulation 
frequency above 8GHz goes beyond the scope (~26.5GHz) of the microwave spectrum 
analyzer. The SFDR at 6GHz is missing due to the irregular gain of the post-amplifier at 
18GHz. As a comparison, Schaffner et al. reported the SFDR of 109.6dB/Hz2/3 at 1 GHz 
with a LiNibO3 directional coupler modulator which is linearized by adding passive bias 
sections [6]. In their measurement, however, the noise floor was set at -171dBm, which 
offers 7.3dB extra dynamic range compared with the noise floor at -160dBm. Hung et al. 
achieved even higher SFDR of 115.5dB/Hz2/3 at 3GHz with a linearized polymeric 
directional coupler modulator by subtracting the distortions of the measurement system 
[66]. Here our SFDR of 110±3dB/Hz2/3 includes the distortions from the entire 
measurement system as well as the device. To the best of our knowledge, such high 
linearity is first measured at a frequency up to 8GHz.  
7.7 SUMMARY 
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We have demonstrated a linearized traveling wave MMI-fed directional coupler 
modulator based on EO polymer. Domain-inversion poling is applied to implement the 
∆β-reversal technique. The traveling wave electrode is evaluated to be functional up to 
151GHz for our device design due to the excellent velocity matching between 
microwaves and optical waves. The SFDR of 110±3dB/Hz2/3 is achieved over the 
modulation frequency of 2-8GHz. The measured 3-dB bandwidth of the device is 10GHz, 
which is mainly limited by conductor loss and needs further improvement for practical 
applications. The optical loss still needs to be further suppressed for application, and this 
will be improved in our future work by choosing low loss sol-gel passive materials and 
by using wet etching method for waveguide fabrication [67].  
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Chapter 8:  Thermo-optic Switch Based on Silicon Coupled Photonic 
Crystal Microcavities 
 
8.1 INTRODUCTION 
 
      Integrated optical switches are important building blocks in silicon photonics 
[1-3] and have many potential applications including optical interconnects, optical 
routing, protecting switching, and reconfigurable optical add-drop multiplexing 
(ROADM) [4]. Silicon optical switches based on Thermo-optic (TO) effect [5] are very 
attractive due to their small size, large scalability, and potential for integration with 
wavelength-division-multiplexing (WDM) multiplexers. The speed of TO switches is 
adequate for all routing applications [6]. Since silicon’s TO effect is significantly larger 
than its electro-optic (EO) effect [7], silicon TO switches promises efficient and low-
power optical switching. Conventional Mach–Zehnder interferometer switches or 
directional coupler switches [8, 9] have large size and require relatively high switching 
power compared to other structures, which limits the integration density and energy 
conservation. Another type of widely-used compact and efficient structures for optical 
switching is microring resonators [10]. So far, the smallest ring diameter reported is 3µm 
[11]; however, one drawback of microring switches is the very narrow operational optical 
bandwidth (<1nm) and the requirements of resonance tuning techniques. To address this 
issue, cascaded microrings along one waveguide have been developed to broaden the 
overall optical bandwidth [12-14]; however, the total size of the device has to increase 
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accordingly. Furthermore, although all these microrings are designed to be ideal, the 
randomness in fabrication may make them slightly off-resonance among each other and 
with different extinction ratios; therefore, resonance tuning on each individual microring 
is required and thus makes the whole device and tuning system more complex [15]. In 
recent years, some photonic crystal (PC)-based devices have been proposed as compact 
and low-power switches [16, 17], but many of them rely on a membrane geometry that is 
susceptible to damage and difficult to integrate with heaters and electrical contacts. PC 
designs based on silicon-on-insulator (SOI) substrates are more robust [18, 19]. For 
example, a PC directional coupler switch was demonstrated with a length of 4.9µm and 
insertion loss of 1-2dB [20]; however, the dispersion diagram needs to be carefully 
engineered to maximize the change of wave vector for minimum change in frequency or 
refractive index (to maximize the extinction ratio), and also its operational optical 
bandwidth is limited due to the high dispersion of PCs. Another type of switch is based 
on band-edge shifted photonic crystal waveguides (PCWs) [21, 22]. However, this device 
needs to be operated very close to its photonic band edge where the large group index 
causes high optical loss, and its high dispersion feature near the band edge limits the 
operational optical bandwidth. The band edge shifted PCW also requires larger heating 
and temperature shifts for switching and therefore does not present a significant 
advantage in terms of speed and power consumption [17]. Therefore, a TO switch with 
compact size, wide optical bandwidth, low loss and low switching power, as well as ease 
of design and fabrication, is highly required.  
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In this chapter, we design, fabricate and characterize a compact and high-
performance TO switch based on two coupled L0 type PC microcavities integrated with a 
micro-heater on a SOI substrate. Various coupled PC microcavities have been 
theoretically studied and experimentally demonstrated previously for switching in the 
context of gap solitons [23] and optical analogs to electromagnetically induced 
transparency [24]. However, this structure has rarely been explored as an optical switch. 
In this work, simulations are performed to design coupled PC microcavities with 6nm-
wide resonance dip in the transmission spectrum. Measurement results on the fabricated 
coupled PC microcavities verifies this 6nm-wide resonance dip and also shows an optical 
extinction ratio of ~20dB. This relatively wide resonance dip enables significantly 
broader operational optical bandwidth with only two coupled PC resonators compared to 
widely-used multi-cascaded ring resonators and have potential for applications such as 
coarse WDM in cable television networks [25]. A microheater is designed to efficiently 
drive the device. The resonance shifts are measured under different DC driving power, 
and a constant switching power for this 6nm-wide operational spectrum is measured to be 
18.2mW. The TO tuning efficiency is measured to be 0.63nm/mW. On-off switching is 
performed, and a rise time of 14.8µsec and a fall time of 18.5µsec are measured. The on-
chip optical loss is measured to be about 1dB. While TO tuning is used here to 
demonstrate the functional switching on the coupled PC microcavities, higher switching 
speed could be achieved by free carrier modulation in the future, enabling more potential 
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applications including high-speed photonic interconnects and broadband optical 
communication systems.  
8.2 DESIGN OF SILICON PHOTONIC CRYSTAL NANO-CAVITY 
 
  
Figure 8.1:  (a) Top view of the W1 PCW with a coupled PC microcavity. (b) Simulated 
transmission spectrum of the coupled PC microcavity, showing a 6nm-wide 
resonance dip in the transmission band. 
 
Figs. 8.1 (a) and (b) show a simple schematic of the TO switch on an SOI 
substrate (Si thickness=250nm, buried oxide thickness=3μm). A 35µm-long W1 PCW is 
designed with a lattice constant of 420nm, hole diameter of 201nm, and with 7 rows of 
holes on each side. Two nanoholes with diameter dNH=100.5nm are separated by 9 
periods of holes. The nanoholes are in the center of the individual L0 PC microcavities 
formed by shifting two adjacent air holes by 84nm from their lattice positions, away from 
each other, forming a 3.78µm-long cavity, as shown in Fig. 8.1 (a). Coupling of the two 
resonators leads to an 6nm-wide resonance dip [24], as shown by the FDTD simulation 
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result in Fig. 8.1 (b). This resonance is located ~70nm far away from the band edge (at 
~1620nm). The group index in this low-dispersion region is ~6, which is relatively lower 
compared to band-edge shifting switches [21] and promises low optical loss. The input 
and output strip waveguides are connected to the PCW using low-loss group index tapers.  
 
 
Figure 8.2:  (a) Top view of the micro-heater integrated with W1 PCW. (b) Cross 
section of the micro-heater integrated on an SOI substrate.  
 
A gold strip micro-heater electrode [26] is used to efficiently drive the device 
through TO effect, as shown in Figs. 8.2 (a) and (b). This resistive micro-heater is 35µm 
long, 5µm wide, and 150nm thick, and is placed sideways the PCW with a separation of 
3µm from the PCW center, far enough to avoid extra optical loss. The current flow 
results in Joule heating on silicon. The direct contact between the micro-heater and the 
silicon core layer allows an efficient heat transfer owing to the high thermal conductivity 
of silicon (k=149 W·m−1·K−1). In addition, the buried oxide layer of SOI wafer functions 
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as a vertical thermal barrier, which further facilitates lateral heat exchange between the 
heater and the waveguide region [26]. This efficient micro-heater, together with the large 
TO coefficient of silicon (dn/dT=1.86×10-4K-1 at room temperature), is beneficial for 
high-speed and low-power operation. Air serves as top cladding, and no passivation layer 
is required, which simplifies the fabrication steps.  
8.3 DEVICE FABRICATION 
 
 
 
Figure 8.3:  Fabrication process flow. (a) SOI wafer. (b) E-beam lithography. (c) RIE. 
(d) Photolithography alignment. (e) E-beam evaporation. (f) Lift-off. 
 
The silicon PCW with cavities is fabricated using e-beam lithography and RIE in 
a single patterning/etching step, while gold micro-heater is patterned by photolithography, 
e-beam evaporation and lift-off process, as shown in the fabrication flow in Fig. 8.3. 2D 
PC structures with similar geometries have been recently fabricated by our group by 
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photolithography using commercial foundry resources. A microscope image of the 
fabricated TO switch is shown in Figs. 8.4 (a) and (b). SEM images of the fabricated 
photonic crystal waveguide with nanoholes are shown in Figs 8.4 (c) and (d). 
 
 
 
Figure 8.4:  Fabrication devices. (a) and (b) Microscope images of the fabricated device 
(top view). (c) and (d) SEM imges of the fabrication devices. 
 
8.4 MEASUREMENT OF RESONANCE SHIFTING UNDER DC POWER 
 
To characterize the coupled PC microcavity TO switch, light from a broadband 
amplified spontaneous emission (ASE) source is amplified by an Erbium-doped fiber 
amplifier (EDFA) and coupled into and out of the device via grating couplers, and then 
the optical output is sent to an optical spectrum analyzer. The measured normalized 
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transmission spectrum of the device is shown by the dark blue curve in Fig. 8.5 (a). A 
resonance with an almost flat dip is observed from 1552nm to 1558nm. The measured 
loss on the PCW is about 1dB at the left transmission band. Next, constant voltage is 
applied onto the micro-heater, and the voltage (V1-V5) is tuned from 0V to 0.8V in step 
of 0.2V, corresponding to the power (P1-P5) of 0mW, 1.2mW, 4.7mW, 10.4mW and 
18.2mW (calculated from the measured current and voltage). As a result, the measured 
transmission spectrum is red-shifted as the power increases, as shown by the overlaid 
spectra in Fig. 8.5 (a). This is because the increases of temperature leads to the increase 
of refractive index of silicon PCW and thus moves the dielectric band farther away from 
the air band in the photonic band diagram. Alternatively, this can be explained by the 
increased effective total optical round trip length of the cavity due to the increase of 
silicon index. Based on Fig. 8.5 (a), if a laser wavelength is fixed at 1552nm which is the 
left edge of the resonance dip, then the required power to switch the optical output power 
from minimum to maximum is 4.7mW. If a laser wavelength is fixed at the right 
boundary of the resonance dip, 1560nm, then the required switching power 18.2mW. 
This 18.2mW is the constant power for switching from off-state to on-state for all 6nm-
wide wavelength range. The optical extinction ratio measured from Fig. 8.5 (a) is 20dB. 
By extracting the measured data of resonance shifts as a function of thermal power 
applied on the microheater, a TO tuning efficiency of 0.63nm/mW is obtained. 
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Figure 8.5:  (a) Measured normalized transmission spectra of the PCW TO switch under 
different driving voltage. (b) Measured on-off switching characteristics at 
10KHz. 
 
8.5 MEASUREMENT OF THERMAL-OPTIC SWITCHING TRANSFER FUNCTION 
 
Furthermore, an on-off switching test is performed. A tunable laser passing a 
polarization controller is used to provide TE-polarized optical input, and its wavelength is 
tuned to 1555 nm which is within the resonance dip in the spectrum. Square wave RF 
signal with Vpp=0.8V at 10KHz is applied on the micro-heater. The switching optical 
signal is sent to a photodetector and displayed on an oscilloscope, as shown in Fig. 8.5 
(b). The switching rise time (from 10% to 90% transmission) and fall time (from 90% to 
10% transmission) are measured to be 14.8µsec and 18.5µsec, respectively. We also 
observe the switching characteristic when the laser is tuned from 1552nm to 1558nm, 
indicating the 6nm-wide operational optical bandwidth, which is much better than ring 
resonator switches whose operation optical bandwidth is smaller than 1nm. This 
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relatively wide resonance dip enables broader operational optical bandwidth than widely-
used ring resonators and are potential for applications such as coarse WDM in cable 
television networks [25]. 
8.6 SUMMARY 
 
In conclusion, we demonstrate a compact and high-performance TO switch based 
on two coupled L0 type cavities integrated with a micro-heater. The L0 PC microcavity is 
formed by simply shifting two PC air holes adjacent to the W1 PCW by 0.2a, and is 
further modified by inserting a nanohole with radius dNH=0.5d, where a is the lattice 
constant and d is the diameter of the air holes in the bulk PC lattice. Two nanoholes are 
separated by 9 periods of holes, forming a 3.78µm-long cavity. The measured 
transmission spectrum shows a ~6nm-wide resonance dip with an optical extinction ratio 
of ~20dB. This relatively wide resonance dip enables broader operational optical 
bandwidth than widely-used ring resonators and is thus useful for improving traffic 
management in coarse WDM in cable television networks [25] . The resonance shifts are 
measured under different DC driving power with a measured TO tuning efficiency of 
0.63nm/mW, and a constant switching power for this 6nm-wide operational spectrum is 
measured to be 18.2mW. A rise time of 14.8µsec and a fall time of 18.5µsec are 
measured in an on-off switching test. There is enough room for further optimization of 
switching speed and power efficiency. In the future, to improve the switching speed, the 
L0 PC microcavity can be appropriately doped to form a p-n or p-i-n structure and be 
operated as a fast electro-optic switch via free carrier modulation [27, 28]. The coupled 
187 
 
PC microcavities can be modified with different resonance dip width (e.g. 1nm, 2nm, etc.) 
by proper design of microcavity structures and active control of resonant mode-splitting 
[29]. And also, the device can be cascaded [30] to enable multiple resonances for more 
potential applications such as wavelength selective switches [31] and tunable 
multichannel optical filters [32]. Some other potential applications of this very compact 
TO device can be generalized and extended, such as a thermal (or temperature) sensor on 
photonic integrated circuits. Since the device is fabricated without top surface cladding, it 
can also be used for biochemical sensing applications that simultaneously required local 
heating [33].  
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Chapter 9:  Suggested future work 
 
9.1 IN-DEVICE PYROELECTRIC POLING OF EO POLYMER 
 
9.1.1 Introduction of pyroelectric poling  
 
 
 
Figure 9.1:  Schematic of pyroelectric poling of EO polymer. (a) The pyroelectric 
crystal is in contact with the EO polymer film to be poled. (b) The 
pyroelectric crystal is connected with the EO polymer film by external 
electrical wires. 
 
 In this section, we report our recent progress and proposed future work on an 
advanced in-device EO polymer poling approach called pyroelectric poling [1]. 
Pyroelectric crystals, such as lithium niobate (LN), lithium tantalite (LT), and lead 
zirconate titanate (PZT) crystals, can develop surface charges and generate high electric 
(a) (b)
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fields on insulators through modest change of temperatures. Under the equilibrium 
condition, the spontaneous polarization of pyroelectric crystals is completely balanced by 
the surface screening charges. Heating or cooling of these crystals develop equal but 
opposite charges on both polar surfaces due to the change of polarization as a function of 
temperature, as shown in Fig. 9.1. Due to very high resistivity (1015 ohm∙m) of 
pyroelectric crystals, the leakage current could be very small. The electric field directly 
generated by these pyroelectric crystals is expected to be higher than that in conventional 
contact poling.  
 The EO polymer used for this pyroelectric poling research is SEO300 which is 
provided by Soluxra, LLC. It has a refractive index, n=1.63 at 1550nm, and an 
exceptional combination of large EO coefficient (r33 of ~80pm/V at 1330nm, and 
~70pm/V at 1550nm), low optical loss, synthetic scalability, as well as excellent 
photochemical stability. Its relatively high glass transition temperature of 150℃ provides 
good temporal stability, and the EO coefficients of poled SEO125 are essentially 
unchanged under ambient conditions. Some detailed studies of EO polymer thermal 
stability indicate that operation up to 150℃ results in a change of EO coefficients < 10% 
[2, 3]. The SEO300 chromophores and the host matrix polymer (Amorphous 
Polycarbonate, APC) are weighed in a proper ratio (1:3), and then mixed in solvent 
(Dibromomethane) with a concentration of 5.6wt% in a clean vial. Next, this formulated 
solution is placed on an automatic roller overnight to form a very viscous and dark 
solution. The homogeneous solution is then filtered into a new clean vial through a 0.2μm 
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poly(tetrafluoroethylene) (PTFE) filter before spincoating. Next, the EO polymer is 
spincoated into thin films or onto a fabricated silicon photonic devices such as slot 
photonic crystal waveguides (PCWs), slot ring resonators, etc., and infiltrate into the slot 
and hole patterns. The total thickness of the EO polymer cladding is around 2μm by using 
the spin speed of 2000rpm for 40 sec. After spin coating, the EO polymer devices are 
cured in a vacuum oven at 80℃ overnight.  
The achieved in-device r33 value depends on the strength of poling electric field 
applied across the EO polymer. There are several ways to generate this poling electric 
field, such as contact poling, corona poling and pyroelectric poling. The contact poling 
and corona poling rely on external voltage sources to provide maximum electric field 
strengths of 1-2MV/cm and 2-5MV/cm, respectively, and higher electric field will lead to 
dielectric breakdown due to the infinite number of charges that the external voltage 
sources keep providing. Differently, in pyroelectric poling, the source of poling electric 
field does not reply on any external voltage source but originates from the generation of 
uncompensated charges through the pyroelectric effect in a pyro crystal. As a result, the 
poling electric field can be as large as 50-350MV/cm (by electrostatics analysis), and the 
probability of breakdown is low due to the finite number of charges provided by pyro 
crystals [1].  
In our pyroelectric poling test, we use PZT pyro crystal. The pyro crystal plays an 
important role in the pyroelectric poling process. We need to consider some important 
parameters which determine the pyroelectric poling efficiency. Some parameters related 
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to pyro crystal material itself include pyroelectric coefficient, Curie temperature, 
resistivity, dielectric constant, thermal conductivity, heat capacity, and surface area. 
Some parameters relevant to the EO polymer material include the cross-sectional area, 
dielectric constant, and resistivity. Some parameters related external environmental 
conditions include change of temperature, ramping rate of temperature change, poling 
temperature.  
During this pyroelectric poling process, the leakage current is monitored. The 
smaller leakage current indicates higher poling field across the EO polymer, that is, 
higher poling efficiency. For reference, the typical leakage current density can be 1-
10A/m2 based on the measured results both in a thin film configuration and in-device 
poled EO polymer [4]. In pyroelectric poling process, the leakage current is expected to 
be low, and the achieved r33 efficiency is supposed to be high. Just for reference, based 
on the thin-film pyroelectric poling results from Prof. Alex Jen’s group at the University 
of Washington group, 40% r33 efficiency achieved under contact poling using the highest 
current of 40nA achieved in pyroelectric poling, and the peak leakage current density in 
contact poling (400nA) is 10 times higher than that in pyroelectric poling (40nA). The 
motivation of this work is to demonstrate the in-device pyroelectric poling on slot PCW 
structures.  
9.1.2 Pyroelectric poling test pattern 
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Figure 9.2:  (a) The layout of the two asymmetric MZIs for testing. Upper: no PCWs on 
both arms. Lower: PCWs on both arms. (b) Fabricated device. 
 
The testing devices used in this work are asymmetric Mach–Zehnder 
interferometer (MZI). The layout of the devices is shown in Fig. 9.2 (a). The first MZI 
device does not have slot photonic crystal waveguide (PCW), and the second MZI has 
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200µm-long slot filled with EO polymer on both arms. The slot width is 320nm. The 
fabrication process of the testing devices starts with an SOI wafer. The silicon slot PCW 
MZI is fabricated by electron beam lithography and then reactive ion etching in a single 
pattering/etching step. And then gold electrodes are patterned by using electron beam 
lithography aligner, followed by electron beam evaporation and a lift-off process. The EO 
polymer is filled into the slot PCW by spin coating. The silicon PCW regions including 
holes and the slot are fully covered by the EO polymer. The optical microscope images 
and an SEM image of a fabricated device are shown in Fig. 9.2 (b).  
 
 
Figure 9.3:  (a) Measured transmission spectrum of strip waveguide asymmetric MZI. 
(b) Measured transmission spectrum of asymmetric MZI with PCWs on 
both arms. 
 
Optical passive tests are then performed to characterize the fabricated asymmetric 
MZIs with and without PCWs, and the measured transmission spectra of the devices are 
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shown in Fig. 9.3. The method for measuring the in-device r33 is proposed as below. The 
in-device electro-optic coefficient (r33) after poling is determined by measuring the 
optical transmission as a function of wavelength with one arm of the asymmetric MZI 
biased at several DC voltages, using an external DC signal source. For PCW MZI, the 
optical wavelength is tuned to the 8nm-wide low-dispersion slow-light wavelength range 
of the slot PCW, so that the change of refractive index of EO polymer is very weakly 
dependent on the wavelength in this wavelength range. The voltage-induced wavelength 
shift (∆λ) in the MZI output spectrum can be used to extract the voltage-induced phase 
shift (∆φ) using the relationship ∆φ = 2π∆λ/FSR, where FSR is the free spectral range of 
the asymmetric MZI. Then, considering the slow-light enhancement, the in-device r33 can 
be obtained by using the relationship 𝐿 =
λ
2σng
(
n
∆n
) and ∆n = σn3r33V/(2d), where L is 
the interaction length, σ is the confinement factor, ng is the group index, n is the EO 
polymer index, V is the applied DC voltage, d is the electrode separation (slot width for 
slot PCW structure). Under different DC voltage, the transmissions spectra of the MZIs 
will shift accordingly, which can give us the information about the modulation-induced 
phase shift.  
9.1.3 In-device pyroelectric poling setup 
 
A schematic setup for the detached pyroelectric poling is proposed as shown in 
Fig. 9.4 (a). One hot plate is used to heat up the device to the Tg of the EO polymer, and 
another hot plate precisely controlled by a microprocessor is used to heat up the pyro 
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crystal from room temperature by 60oC under a fixed ramping rate. The top and bottom 
surface of the pyro crystal is connected by electrically conductive wires to the electrode 
pads across one arm (or two arms) of the MZI device. A picoammeter (Keithley 6485) is 
used to measure the leakage current, and a voltage meter (Keithley 237) is used to in-situ 
monitor the induced voltage drop across the 320nm-wide slot in the device. Some 
pictures of real pyroelectric poling setup are shown in Fig. 9.4 (b).  
 
 
Figure 9.4:  (a) A schematic of pyroelectric poling setup. (b) A picture of real 
pyroelectric poling setup. (c) Two hot plates heating up EO polymer device 
and pyro crystal. 
 
In order to accurately measure the voltage drop and leakage current across the EO 
polymer, several specification requirements of the voltage meter must be met. The poling 
setup can simply be treated as two capacitor charging and discharging problem. If we add 
a voltage meter and a picoammeter into the circuit, the equivalent circuit is shown in Fig. 
9.5 (a). The resistance of the EO polymer is usually larger than 1011 Ω, we need a voltage 
meter whose resistance is even higher than this value. Conventional multi-meter 
functioned as voltage meter has resistance 107 Ω. Using conventional multi-meter will not 
Hot Plate 1
Crystal
Hot Plate 2
A
V
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Probe Station
Hot Plates Thermo-
Controller for Crystal
PC for remote 
picoammeter control
Picoammeter
Probe Station
Hot Plates Thermo-
Controller for Crystal
PC for remote 
picoammeter control
(a) (b) (c)
Device Pyro crystal
198 
 
measure the correct value of the EO polymer; instead, it will act as a leakage current 
pathway. Therefore, an ultra-high impedance voltage meter, Keithley 237, whose 
resistance is over 1014 Ω, is used to correctly measure in-situ voltage (electric field) 
generated by the pyro crystal. The resistance and capacitances of EO polymer, voltage 
meter and picoammeter are shown in Fig. 9.5 (b). 
 
 
Figure 9.5:  (a) Equivalent circuit connection. (b) The parameters of components in the 
equivalent circuit. 
 
In this two-hotplate setup, operative temperature range of the lead zirconium 
titanate (PZT) crystal is only limited to the curie temperature of itself. The PZT crystal is 
3cm in diameter, and its thickness is 1mm. The temperature changing sequence is 
arranged as followed: (1) Heat up the sample to EO polymer glass transition temperature 
(150℃) and hold at this temperature. (2) Heat up the PZT crystal from 30 to 90℃, with a 
constant ramp rate (e.g.20℃/min). (3) Hold for 1 min. (4) Cool down the EO polymer to 
room temperature. (5) Cool the PZT crystal to room temperature and disconnect the PZT 
V
A
Pryo Crystal EO polymer
Rv >> RE-O
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CA >> CE-O
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crystal and sample. Figure 9.6 illustrates the controlled temperature for both EO polymer 
and pyro crystal in this process. 
 
 
Figure 9.6:  Temperature change on two hot plates in the whole pyroelectric poling 
process. 
 
9.1.4 Preliminary electrical test of in-device pyroelectric poling 
 
First, one arm of the EO polymer refilled slot PCW MZI is poled under different 
pyroelectric poling conditions. The change of temperature on the pyro crystal PZT and 
the ramping rate of temperature are varied, and the corresponding peak leakage current 
and maximum induced voltage across the slot in the pyroelectric poling process are 
recorded in Table 9.1. The peak leakage current density and maximum electric field are 
calculated based on the measured data. As a comparison reference, the measured peak 
leakage current and applied voltage in a contact poling on the same device are also listed 
in the table. Figure 9.7 (a) shows the maximum electric field as a function of temperature 
(1) (2) (3) (4) (5)
Temperature (oC)
Time (sec)
150 oC
90 oC
EO polymer temperature
Pyro crystal temperature
30 oC
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variation (∆T) for both pyroelectric poling and contact poling, and Fig. 9.7 (b) shows the 
maximum electric field as a function of ramping rate also for both poling approaches. It 
can be seen that increasing the ∆T and ramping rate can lead to higher electric field 
induced across the slot. The maximum ramping rate here is limited by processor-
controlled hot plate, and this can be improved by using a better equipment in the future. 
The maximum ∆T is limited by the Curie temperature of the pyro crystal. The maximum 
induced electric field can be 141.25V/µm is achieved in Test No. 3 when ∆T=100oC and 
ramping rate=20oC/min. Figure 9.7 (c) shows the measured leakage current and induced 
voltage as a function of time in the Test No. 3. As a comparison, the leakage current and 
induced voltage measured in a contact poling process (Test No. 6) are shown in Fig. 9.7 
(d). It can be seen that pyroelectric poling can generate higher electric field and lower 
leakage current than conventional contact poling. 
 
Table 9.1 Measured leakage current, current density, voltage and electric field under 
different temperature variations and ramping rates 
 
 
Test No. Setup
ΔT for 
Crystal
Ramp rate
Peak leakage 
Current
Peak leakage 
Current
density
Max.
Voltage
Corresponding 
Electrical Field
1 Pryo 60 oC 20 oC/min 114.3 nA 0.152 A/cm2 36.7 V 114.69 V/μm
2 Pryo 80 oC 20 oC/min 119.9nA 0.160 A/cm2 39.2 V 122.5 V/μm
3 Pryo 100oC 20 oC/min 129.8 nA 0.173 A/cm2 45.2 V 141.25 V/μm
4 Pryo 60oC 10 oC/min 59.0nA 0.078 A/cm2 24.0 V 75 V/μm
5 Pryo 60oC 15 oC/min 84.4 nA 0.112 A/cm2 29.8 V 93.13 V/μm
6 Contact - - 363.9 nA 0.484 A/cm2 32V 100 V/μm
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Figure 9.7:  (a) Measured electric field and leakage current as a function of temperature 
variation for both pyroelectric poling and contact poling. (b) Measured 
electric field and leakage current as a function of ramping rate for both 
poling approaches. (c) Measured time-dependent leakage current and 
induced voltage in the pyroelectric poling process. (d) Measured time-
dependent leakage current and induced voltage in the contact poling process. 
 
More pyroelectric poling is to be performed to provide a systematic analysis. We 
are still working on the complete study of leakage current and induced voltage under 
different pyroelectric poling condition, such as using different pyro crystals, using 
different EO polymers, and using different slot widths. 
9.1.5 Preliminary optical test of devices poled by pyroelectric poling 
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Figure 9.8:  (a) Measured transmission spectrum of asymmetric MZI with arm length 
difference of 140nm. The measured FSR is about 3.97nm. (b) The spectrum 
shift under different DC voltages. The solid curve is the polynomial fitting 
of measured data points. (c) Extracted data of measured resonance 
wavelength as a function of applied DC voltage. 
 
Next, an asymmetric MZI with arm length difference of 140nm is used for optical 
test, and then the in-device r33 of EO polymer after in-device pyroelectric poling will be 
estimated. Note that no silicon slot PCWs are used in this test structure, and the EO 
polymer serves as claddings of silicon strip waveguides. Based on the simulations, the 
percentage of power in the EO polymer cladding is 16%. The separation of the electrodes 
aside the waveguide are 6µm. The EO polymer is poled on both arms. The transmission 
spectrum is shown in Fig. 9.8 (a), and the free spectrum range (FSR) is measured to be 
about 4nm. Then DC voltages of -30V, -15V, 0V, 15V, and 30V are applied across both 
arms of the asymmetric MZI in the same direction as the EO polymer poling direction 
(no push-pull configuration), and the corresponding transmission spectra are recorded. 
From the overlay of transmission spectra in Fig. 9.8 (b), the local minimum power of 
transmission (resonance) of the asymmetric MZI is shifted to longer wavelength with the 
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increase of voltage. The extracted resonance as a function of applied voltage is shown in 
Fig. 9.8 (c), and a linear regression is performed based on the data points. The slope of 
the linear curve can be used for the estimation of in-device poling efficiency. Based on 
the estimation methods in Section 9.1.2, as well as the simulated percentage of power in 
the EO polymer cladding (16%), the in-device r33 is measured to be approximately 
15.4pm/V at around 1550nm. Considering the thin-film r33 of EO polymer of ~70pm/V at 
1550nm, the in-device poling efficiency can be estimated to be 22%. The device structure 
and measurements can be further optimized in our future work, so that higher poling 
efficiency can be achieved.  
In the future, more work will be done on EO polymer filled slot PCW asymmetric 
MZI to estimate the in-device poling efficiency and will be compared with contact poling 
efficiency on the same device, in order to demonstrate that higher in-device r33 could be 
archived using pyroelectric poling than contact poling. 
9.2 MILLIMETER- OR TERAHERTZ-WAVE SENSOR BASED ON ELECTRO-OPTIC POLYMER 
FILLED PLASMONIC SLOT WAVEGUIDE 
 
9.2.1 Proposal of device schematic 
 
In Chapter 5, we have designed, fabricated and experimentally demonstrated a 
compact, broadband and highly sensitive integrated photonic electromagnetic field sensor 
to cover the X band of the electromagnetic spectrum (8-12GHz). The key parts of our 
photonic electromagnetic field sensor are shown schematically in Figs. 9.9 (a) and (b), 
including an EO polymer refilled silicon slot PCW phase modulator and a gold bowtie 
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antenna [5]. The frequency was targeted around 10GHz which is the central frequency of 
X band. In our next stage of research, we are trying to develop an advanced version of 
this sensor to cover wide electromagnetic spectrum up to 10THz, including the range of 
microwave, millimeter wave and even terahertz wave.  
 
 
Figure 9.9:  (a) A schematic view of theelectromagnetic field sensor consisting of an EO 
polymer refilled silicon slot PCW phase modulator and a bowtie antenna. 
(b) Magnified image of slot PCW. (c) A schematic view of the 
electromagnetic field sensor consisting of an EO polymer refilled plasmonic 
slot waveguide phase modulator and a bowtie antenna. (d) Magnified image 
of plasmonic slot waveguide. Note: the EO polymer layer covered on top of 
the device is not shown in (b) and (d) for better visualization. 
(a)
(b)
(c)
(d)
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To make our sensor to cover a large range up to THz frequency regime, the device 
is modified, as shown in Figs. 9.9 (c) and (d). First, the arm length of the bowtie antenna 
is scaled to provide a broad bandwidth with central resonance frequency in Terahertz 
range. Second, the silicon slot PCW is removed and the gap between the two extended 
bars are narrowed down to 250nm to form a plasmonic slot waveguide. The light is 
coupled from an input optical fiber into a silicon strip waveguide via a grating coupler, 
and then coupled into a plasmonic slot waveguide through a strip-to-plasmonic mode 
converter [6], as shown in Fig. 9.9 (d). Optical modulations can be achieved in this 
plasmonic slot waveguide as demonstrated recently in Ref. [7]. Third, we need to note 
that the EO polymer filled inside the metal slot has an ultrafast response time in the sale 
of femtosecond, corresponding to an upper frequency limit in THz range. Therefore, the 
response time of the EO polymer material does not limit the frequency bandwidth of this 
device. 
The working principle is as follows. A continuous wave (CW) laser input is 
coupled into and out of the device. The bowtie antenna harvests incident electromagnetic 
waves, transforms it into high-power-density time-varying electric field within the feed 
gap, which directly interacts with the light propagating along the EO polymer refilled 
plasmonic slot waveguide. The refractive index of the EO polymer is controlled by the 
applied electric field via the EO effect, which modulates the phase of the surface 
plasmonic waves. Finally, by measuring the modulated optical signal, an incident 
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microwaves, millimeter waves or terahertz waves from free space can be detected 
through optical means.  
 
 
Figure 9.10:  (a) Simulated S11 parameter over a frequency range 1-20THz. (b) 
Simulated normalized electric field distribution on bowtie antenna at 8THz. 
(c) Simulated plasmonic slot waveguide mode profile. (d) Simulated RF 
electric field profile on the plasmonic slot waveguide. 
 
Figure 9.10 (a) shows the simulated S11 parameter of the bowtie antenna, with a 
resonance frequency around 8THz, and Fig. 9.10 (b) shows the simulated normalized 
electric field distribution on bowtie antenna at the resonance frequency (8THz) with a 
strong near-field enhancement inside the feed gap. Figure 9.10 (c) shows the simulated 
mode profile of the plasmonic slot waveguide, from which it can be seen that most of 
optical power is confined inside the slot. The modulation electric field is also 
concentrated in the slot, as shown by the simulation results in Fig. 9.10 (d), leading to a 
very large overlap between optical mode and modulation field and thus a very high 
modulation efficiency.  
9.2.2 Discussion 
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Figure 9.11:  (a) Simulated normalized voltage drop across the silicon slot PCW and the 
plasmonic slot waveguide. (b) Simulated electric potential distribution on 
the plasmonic slot waveguide, at 1GHz, 10GHz, 100GHz, and 1THz, 
respectively. (c) Simulated electric potential distribution on the silicon slot 
PCW, at 1GHz, 10GHz, 100GHz, respectively. 
 
There are several important benefits of this plasmonic-based Millimeter-
/Terahertz-wave sensor. (1) Due to the removal of silicon PCW and the high conductivity 
of metals, the RC time delay is significantly reduced, enabling a very broad frequency 
bandwidth. The resonance of the bowtie antenna can be engineered to cover a frequency 
range from 1GHz to 10THz. Based on simulation results as shown in Fig. 9.11 (a), the 
normalized electric field dropped across the metal slot is almost constant from the 
frequency of 1GHz to 10THz. As a comparison, for silicon PCW slot, the normalized 
electric field across the decreases as the frequency increases due to the finite conductivity 
of the silicon. Its 3-dB bandwidth is about 30GHz, which limits the detectable frequency 
band of the sensor. Figures 9.11 (b) and (c) show the electric field potential distribution 
on the plasmonic slot waveguide and the silicon slot PCW at frequencies up to 10THz. It 
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can be seen that the most of the modulation field is still efficiently dropped across the 
plasmonic slot where EO polymer is filled.  
 (2) The electric field enhancement factor is increased when the bowtie feed gap is 
reduced, so the 250nm-wide metal slot can provide higher local electric field 
enhancement which improve the sensitivity of this sensor. A 2Χ improvement in 
sensitivity is expected compared to 320nm-wide silicon slot PCW. Since the 250nm-wide 
metal gap is not optimized yet, the sensitivity can be further improved by reducing the 
metal slot width.  
(3) The large overlap between the modulation electric field and the surface 
plasmonic mode enables more efficient modulation, which can reduce the required 
interaction length. The interaction length can be further reduced by using new EO 
polymers with larger r33 values. Although plasmonic waveguides have higher propagation 
loss per unit length compared to regular waveguides, the short device length is helpful in 
reducing the total propagation loss. In Ref. [7], an interaction length of only 29µm and a 
total insertion loss of 12dB are demonstrated. Based on the simulated complex effective 
index achieved in Fig. 9.10 (c), the propagation loss of our un-optimized plasmonic slot 
waveguide is 0.320dB/µm. we expect the total insertion loss of our device can be 
controlled below 10dB, with the optimization of the plasmonic slot waveguide, the 
selection of metal with lower propagation loss (i.e. copper to replace gold), as well as 
improved fabrication quality provided by CMOS foundry.  
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(4) By properly designing the plasmonic slot waveguide and engineering its 
dispersion diagram, a large group index can be achieved in the surface plasmonic mode 
and this slow-light effect can be used to enhance the modulation efficiency and the 
detection sensitivity.  
(5) Some existing electronic-based THz detector requires low temperature to 
reduce electron noise, so it required a cooling process such as liquid Nitrogen flow; on 
the contrary, our photonic (plasmonic) detection approach has good noise immunity. Our 
device can also reduce the impact of perturbing fields, since it is based on an optical 
modulation technique.  
To the best of our knowledge, this will be the first electromagnetic wave sensor 
based on electro-plasmonic modulation. The working bandwidth of this sensor can be 
tuned by modifying the bowtie antenna geometry, in order to enable potential 
applications in other frequency ranges such as microwave detection, millimeter wave 
imaging, and even light trapping for photovoltaics. 
9.3 LOW-LOSS SILICON-POLYMER HYBRID PHOTONIC CRYSTAL WAVEGUIDE 
FABRICATED BY CMOS FOUNDRY 
 
In our next stage of research, we plan to improve the optical loss and fabrication 
yield by using a mature commercial CMOS foundry to fabricate our PCW devices [8]. 
Our design patterns are sent to IMEC for fabrication. Figure 9.12 shows the SEM image 
of the fabricated slotted silicon photonic crystal waveguide with a mode converter and a 
group index taper. EO polymer is then spincoated onto the device to cover the slot and 
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PCW holes. More work will be done to investigate the fabrication tolerance and yield. 2D 
PC structures with similar geometries have been characterized with improved optical 
loss. To the best of our knowledge, this will be the first demonstration of a silicon-
polymer hybrid slotted PCW device.  
 
 
Figure 9.12:  An SEM image of a silicon slotted photonic crystal waveguide fabricated 
by external CMOS foundry. 
 
The fiber-to-fiber total insertion loss of the device has several contributions listed 
in the Table 9.2. For overall reduction of the device insertion loss, the efforts will be done 
on these components, as shown in Table 9.2. The total insertion loss is finally expected to 
be controlled below 9dB, if grating couplers are used for fiber-to-chip coupling. If 
inverse tapers are used to replace grating couplers, the total insertion loss is expected to 
be below 6dB.  
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Table 9.2 Expected final total insertion loss (fiber-to-fiber) 
 
 
Target 
Loss 
Comments 
Propagation Loss 
in PCWs 
<1.5dB 
An external CMOS foundry will be used to improve the quality 
of fabricated PCWs. New EO polymer with larger r33 will be 
used to shorten the PCW length. New pyroelectric poling 
technique [1] will be used to improve the in-device r33 and also 
reduce leakage current induced optical loss. The band 
engineered PCW design will be optimized for lower loss. And 
post-fabrication roughness reduction will be carried out. 
Propagation Loss 
in ridge 
waveguides 
<0.5dB 
We will use multimode waveguides [9] and shorten the length 
of the input/output silicon ridge waveguides. 
PCW group index 
tapers 
<0.5dB 
Extending our past work [10-12], we will engineer a short and 
efficient PCW group index taper. 
Mode converters ~0.08dB 
We have recently demonstrated a low-loss adiabatic mode 
converter for 320nm-wide slot PCW [13]. 
MMI couplers ~0.4dB 
We have previously demonstrated an efficient MMI couplers 
[11]. 
Option (a):  
Grating couplers 
~2.3dB 
We have previously demonstrated a low loss subwavelength 
grating couplers [14]. In addition, the grating coupler will be 
optimized for coupling through angle-polished fibers [15]. 
Option (b):  
Inverse tapers 
<1dB 
An efficient inverse taper has been demonstrated by NTT with 
loss of 0.8dB [16]. 
Total insertion loss  
Option (a) 
<9dB  
Total insertion loss  
Option (B) 
<6dB  
 
To improve the quality of fabricated PCWs and reduce optical loss, an external 
CMOS foundry will be used. New EO polymer with larger r33 will be used to shorten the 
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required PCW length. New pyroelectric poling technique [1] will be used to improve the 
in-device r33 (to reduce required PCW length) and also reduce leakage current induced 
optical loss. A low-loss PCW will be designed and the band engineering can be further 
optimized for loss reduction. And post-fabrication roughness reduction will be carried 
out.  
In our previous designs, the input/output (I/O) grating couplers are 9mm apart. 
Since the active portion of the on-chip waveguide length is only 300μm the grating 
couplers can be easily placed less than 2mm apart taking advantage of the surface normal 
coupling scheme provided by the grating couplers. Shortening of the waveguiding 
structure and the use of low loss multimode waveguides [9] outside of the active region 
are expected to lower the loss in the passive waveguides to less than 0.5dB. Propagation 
loss as low as 0.026dB/cm in 3μm wide multimode silicon waveguides has been recently 
reported [9]. 
A group index tapers is required for coupling into the high group index (ng) PCW 
[10-12], since it can provide a transition of group index over the wavelength range of 
interest. This transition can be engineered to improve the performance of the group index 
taper. In addition, We have recently demonstrated a low-loss adiabatic mode converter 
for 320nm-wide slot PCW [13], and the loss of 0.08dB per mode converter is measured. 
What is more, our group have previously demonstrated an efficient MMI couplers [11] to 
split/combine optical beams in MZIs.  
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To coupling light between I/O optical fibers and our device, our group have 
previously demonstrated an efficient subwavelength grating couplers [14]. In addition, 
the grating coupler will be optimized for coupling through angle-polished fibers [15]. 
Another option for fiber-to-chip coupling is using inverse tapers. Inversed tapers with 
overlaid polymer waveguide has been demonstrated by NTT with optical loss of 0.8dB 
[16]. 
9.4 OPTIMIZATION OF PHOTONIC CRYSTAL WAVEGUIDE BY INVESTIGATION OF SLOT 
WIDTH 
 
To the best of our knowledge, all of the slot waveguides and slot PCWs 
demonstrated by other research groups have slot widths less than 220nm [17-19]. As 
demonstrated in Chapters 1-5, wide slots (320nm) are very effective in reducing the 
leakage current during the poling process and achieving high poling efficiencies.  
However, the 320nm wide slots, presented first by Omega Optics, Inc. [20], have not 
been yet optimized. Despite higher poling efficiency, wider slots result in less 
confinement (σ=33%) of the photons in the slot region. Unfortunately, the understanding 
of nature of the current injection through the interface between silicon and EO polymer in 
silicon slot waveguides is still limited. A series of design and experiments are necessary 
to quantify the effects of the slot width on the leakage current and propagation loss. 
These findings will be helpful for us to model leakage current and modify the EO 
polymer to reduce the leakage current. This will also make possible maximizing the 
poling efficiency and field confinement in the slot, which ultimately leads to higher 
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performance in terms of higher Vπ×L for modulation applications and higher sensitivity 
for electric field sensing applications. The optical propagation loss per unit length may 
also be improved.  
 
 
Figure 9.13:  Band Structure (Normalized Frequency Vs. Normalized Propagation 
Constant, the Fundamental Guided Defect Mode) for Varying Slot Width 
(Sw). No Band Engineering is done. The Distance Between the Two 
Innermost Rows is Increases with the Slot Width. 
 
There is also a need to understand the behavior of the fundamental defect mode at 
wide slow width, where the band gap is located at shorter wavelength relative to the band 
edge (see Fig. 9.13). In our previous designs, the EO polymer SEO125 used in a slot 
resulted in 1006pm/V effective in-device r33 with a group index of 20.4. We estimated 
that the in-device actual r33 without the slow light effect was 74pm/V. We expect that an 
improvement of 25% in the r33 of the EO polymer and an increase of 25% in the group 
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index will lead to over 1500pm/V effective r33 in our next stage of research. Any 
improvement in the confinement of photons in the slot will further improve the device 
performance. 
In addition, the modification of the slot width will also affect the capacitance of 
the slot, so the RC time constant will be changed, leading to a change of RF bandwidth 
[~1/(2RC)] and power consumption (~2πfCV2). Therefore, a new figure of merit will 
need to be defined to evaluate the device performance.  
9.5 TRAVELING WAVE SILICON-POLYMER HYBRID SLOT PHOTONIC CRYSTAL 
WAVEGUIDE MODULATOR  
 
 
 
Figure 9.14:  (a) A coplanar waveguide model on doped silicon slot photonic crystal 
waveguide MZI filled with EO polymer. (b) A magnified image one one 
arm of the MZI. (c) A schematic of the top view of the traveling wave 
silicon-polymer hybrid slot PCW MZI modulator.  
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In the future, a traveling wave electrode on doped silicon photonic crystal 
waveguide can be designed to further improve the modulation speed of our silicon-
polymer hybrid slot PCW modulator. A schematic of this modulator is shown in Fig. 
9.14. A coplanar waveguide structure is a good choice for our MZI modulator. The 
coplanar waveguide needs to be tapered to couple a RF probe, as shown in Fig. 9.14 (c), 
and the optical waveguides need to be routed accordingly. Since our PCW interaction 
length is very shorter (300µm long), and even smaller than the RF wavelength, the 
velocity mismatch between the RF wave and the slow optical wave in the PCW is not a 
dominating factor for high-speed modulation. ANSYS HFSS is used for the simulation. 
Effective medium approximation method used in Chapter 5 will be applied in this 
simulation. The simulated characteristic impedance and the microwave effective index up 
to 50GHz are shown in Figs. 9.15 (a) and (b). It can be seen that the impedance 
mismatching (50ohm) is achieved. The simulated microwave effective index above 
10GHz is about 2; therefore, by using Eq. 7.4, the 3-dB bandwidth limited by velocity 
mismatch only is estimated to be 33GHz. Figures 9.15 (c) an (d) shows the simulated S 
parameters. The simulated S11 parameter shows the return loss is well below -24dB up to 
50GHz, and the simulated S21 shows that the insertion loss is also very small and mainly 
limited by conductor loss. In addition, the impedance matching is also met along the taper 
region by tuning the geometry parameters of the coplanar waveguide. For different 
doping-levels [21] on our device, the geometry can be also be tuned to achieve 
impedance matching.  
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Figure 9.15:  (a) Simulated characteristic impedance. (b) Simulated microwave effective 
index. (c) Simulated S11 parameter. (d) Simulated S21 parameter. 
 
Furthermore, we will also get involved in coherent modulation schemes and 
advanced modulation formats in the future. 
9.6 DEVELOPMENT OF EFFICIENT TAILGATED DEVICE AND PACKAGING 
 
 In the future, we will deliver a pigtailed electromagnetic wave sensor. In order to 
prepare a robust package for the device, we have decided to test the technique proposed 
in [15] [Fig. 9.16 (a)]. In this technique, the fiber is placed horizontally and fixed onto the 
surface of chip using a UV curable epoxy. The epoxy is dropped away from the grating 
and the polished surface. We are in the process of characterizing angle-polished fibers 
(a) (b)
(c) (d)
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from OE Land Inc. (www.o-eland.com) [Fig. 9.16 (b)]. A polished facet at θf=41.6⁰ 
provides a final θout=10⁰ out-going beam, while the beam hits the polished fact at an angle 
larger than the total-internal-reflection angle and is thoroughly reflected. A SWG will be 
designed for optimum coupling with angle-polished fibers. We will also investigate if the 
reflectivity can be enhanced by coating the angled-polished facet by a metal. Holding 
horizontal fibers in place by epoxy will let us avoid the grating coupling testing setup and 
it will be significantly easier to bring the horizontal fibers close to each other in order to 
decrease the length of the passive waveguides.   
 
 
Figure 9.16:  (a) A schematic of Angle-Polished Fiber-Grating Coupler (Figure From 
[15]). θin=90⁰-2×θf , θout=sin-1(sin(θin)×nfiber), nfiber=1.4682, For θout=10⁰ => 
θf=41.6⁰, Angle_TIR = sin-1(1/nfiber)=42.93⁰. (b) A Microscope Image of 
an Angle-Polished Fiber Acquired from OE Land Inc. 
 
We envision that the fully packaged device will look like the schematic shown in 
Fig. 9.17. The Angled Polished Fiber – Grating Coupler scheme will make possible a 
tailgated device to be delivered. In addition, we will also examine the packaging and 
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reliability issues, such as the tolerance to the fiber tip displacement and rotation, effects 
of the packaging on the sensor and modulator applications, and the mechanical durability 
of the couplers.      
 
 
Figure 9.17:  Schematics of the fully packaged and tailgated electromagnetic wave 
sensor. The height of the chip carrier (H) will be adjusted for the testing 
setup. 
 
9.7 LOGIC DEVICES BASED ON ELECTRO-OPTIC POLYMER MICRORING RESONATORS 
FABRICATED BY UV IMPRINTING AND INK-JET PRINTING 
 
Chip Carrier
I/O Fiber
Tilted View
Top View
Chip
Angle Polished Fiber
Antenna
H
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Figure 9.18:  (a) A schematic of the EO polymer ring resonator. (b) Optical simulation 
about the coupling between ring and bus waveguide. (c) A example of the 
logic device based on EO polymer ring.  
 
Another work we are currently working on is the design, fabrication and testing of 
an electro-optic (EO) polymer OR/NOR logic gate based on microring resonators and bus 
waveguides, each of which implements a switching operation [22]. An conventional 
optical waveguide made by UV15LV, EO polymer and UFC170A is designed, similar to 
the one in Chapter 7. The index of the EO polymer core can be changed by applying 
electric field across it, so the resonance of the ring resonator can be shifted. Simulation 
results show that the OR/NOR directed logic gate could be achieved. Direct logic 
structures utilize microring resonators and bus waveguides as switching elements to 
A B
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control the propagation direction of light going through them. Each microring resonator 
is driven by an electrical pulse signal, which is regarded as the operand. The high and low 
levels of the electrical pulse signal represent logic 1 and 0, respectively, while the larger 
and smaller optical output powers at the output ports represent logic 1 and 0, respectively. 
Figure 9.18 (a) shows an example of the logic device. In the design and modeling, the 
dimension parameters of this device, as shown in Fig. 9.18 (b), are designed to achieve 
the best coupling within a reasonable coupling length. A simulation result made in 
FIMMWAVE is shown in Fig. 9.18 (c). A group of ring resonators with radius varied 
from 400µm to 600µm are designed.  
The whole device is fabricated by imprinting method. Frist, a silicon hard mold is 
made by ebeam lithography and RIE. A thin layer of silver film is ink-jet printed on the 
silicon substrate to serve as the ground electrode for both switching and poling. Then, 
UV15LV is deposited to a form bottom cladding layer, and the silicon mold containing 
the ring structure is brought into conformal contact with the bottom cladding layer, 
followed by the UV imprinting and de-molding process. The EO polymer is then coated, 
followed by top cladding UFC-170A deposition, to form a trench waveguide structure. 
Finally, a top silver electrode is ink-jet printed on top of the top cladding layer, and 
aligned to the ring as shown in Fig. 9.18 (b). The key advantage of this fabrication 
technique is the utilization of an ink-jet printing method for patterning both 
bottom/ground and top/driving electrode layers without the need for evaporation or lift-
off processes. Figures 9.19 (a)-(d) show the optical microscope pictures of a fabricated 
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devices. The EO effect of EO polymer is created by contact poling process or 
pyroelectric poling process.  
 
 
 
Figure 9.19:  (a) One of the fabricated EO polymer ring. (b) and (c) Magnified images. 
(d) Another fabricated EO polymer ring with different coupling length.  
 
The characterization work is then performed. Resonances with Q factor of about 
68,000 are measured from the transmission spectrum. Some more active test will be 
performed on this device to demonstrate logic switching. To the best of our knowledge, 
this will be the first imprinted EO polymer ring logic device.  
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